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ABSTRACT

The various considerotions involved in
the selection and application of off-the-
shelf seal configurations to the rotating
shafts on pressure-compensated deep ocean
equipment are discussed. Seal performance

- data from deep-ocean electric propulsion
motor tests and seal screening tests are
included to give the seal user an understand-
ing of the level of performance obtainable
from an off-the-shelf seal. The handbook
will be revised to include additional seal
Sperformance data to be available from a
aboratory investigation of representative

- rotating shaft seals now under way.
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PREFACE

The text of this handbook is organized
around the suggested rotating shaft seal
selection procedure, table 1. The procedure
shows in diagrammatic form the several vari-
ables and alternatives which must be consid-
ered in the selection process and suggests
the sequence in which they be considered.

Chapter I - Establishes seal system
requirements; brings to the
readers attention those seal
and machinery system variables
which are important to the
sealing problem, those vari-
ables unique to deep-submer-
gence applications, and
stresses the importance of
specifying these variables
in detail to those responsi-
ble for manufacturing the seal.

Chapter II - Considers sealing alternatives;
discusses various seal types,
inherent features and limita-
tions, which are inherently
best suited to deep submergence
applications in light of seal
system requirements, seal and
seal system variables, and
design alternatives.

Chapter III- Selection factors; discusses
relative advantages and disad-
vantages of various design
features and ways to apply the
seal.

Chapter IV - Validates seal system selec-
tion; gives typical performance
data on off-the-shelf seals,
operational experience, and
what kind of performance to
expect to aid the user in
selection judgment.
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Table 1 - Seal Selection Considerations

This Document•] Reproduced From

Best Available Copy

Consider Machinery Alternatives

Ha rd Shell Free Flooded Fl-•d FiLled, Prssure Comoensated

* High-pressure 9 No seals * Low- :essue ":al in liquid/
seal in liquid/ required liquid enviroruernt required
air envirorment

- required

Establish Seal System Requirements

"Normal Operating Conditions Operating Practices Perfoz'rsnce Requirements

* Function of seal e Testing e Acceptable leakage
* Number of penetrations to be sealed * Filling rates
* System ambient pressure * Transporting anr storage * Acceptable power loss
* Magnitude and direction of pressure e Acceptable life

differential * Av'ailability
SType shaft motion, speed and size of

shaft, stop-start frequency
* Fluid environment
* Physical environment

Consider Sealing Altern-tives

4' Seal Tyues

Clearance Seals Fluid Force Seals Hermetic Seals

Contact Controlled Fixed Viscous Centrifugal Magnetic quid
Clearance Clearance or or

screw slinger

Variables and Limitation Co7mon to Contact Se.,oI

Forces on Seal Lea~sre of the Sal Seal Desip•r Alternatiws Se-l Svst= t•4iter atives

e Hydrostatic forces, * Hydrostatic leakage * Ceal operates hvdro- 0 ncer and cushings
concept of a * Hydrodynamic dynamically * ,tirle seals
balanced seal leakage . Seal operates under 0 Fiuchin, arrangements

o Spring forres e Combined leakage mixed film or contact r arrangements
* Elastic forces a Design variables conditions

Selection Factors

-• Basic Differences

Mounting aonveniencc, Directional Sesling Ability Availabilitly and Ccst Perform.ance Limits
Space Requirements
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Table 1 (Cont)

Design Features anti Application Considerations for Various Configurations, ~I
Axial Confizurations Radial Configurations

Mechanical End Face Seal O-Ring 3lipoi Seal General Considerations
"* Hyiraulic balance ratio * Conformity of slipper * Mounting
"* Directional sealing . Mate-ials * Mating surface finish

ability e Mounting • Alignment, tolerances on shaft
"* Seconiary seal diameter
* Springs • Compatibility of mating surface
* Mounting, type and sealing element material

construction
* Face materials I ,

Li O-'e8R.1 Slipper Seals

* Materials * Conformability a Mounting
e Mounting of slipper e Springs
* Lip confiL- * Materials

uration * Mounting

Validate Seal System Selection
I

Performance Data

Andapolis Seal Screening Test Annapolis Drive System Tests Other
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INTRODUCTION

The limited commercial market for deep-s bmergence equipment
and dynamic seals for this equipment has been too small to generate
sufficient interest or to justify costly development of special
seals by the equipment or seal manufacturer. Thus, economic,
logistic, replacement, and maintenance considerations have resulted
in the use of commercially available seals.

The process of selecting a commercially available seal requires
communication between the seal user and seal manufacturer. The
seal user, and only the seal user, knows what operating conditions
are imposed on the seal by the machinery system and what performance
is required from the seal. His role in the selection process is
to make the seal manufacturer aware of these application require-
ments. The seal manufacturer, aware of the user's requirements,
can then select or design the desired features into the seal to
meet particular requirements. The user, to be effective in this
process, must be aware of the many seal and machinery system
variables which must be considered in the selection process, the
type of information required by the seal manufacturer, the general
types of seals available, their limitations, and application con-
siderationzi. This handbook was assembled to provide this information
to supplement the open literature on seals and the information of
seal manufacturers. It is limited to consideration of dynamic
seals suitable for application to the fully rotating shafts on
pressure-compensated, deep-submergence equipment.

BACKGROUND

MACHINERY ALTERNATIVES

Deep-submergence machinery systems are placed external to the
pressure hull, in the sea-water environment. Several configurations
for protecting the rotating machinery from the sea-water environ-
ment are possible. Each configuration, as discussed below, presents
a different dynamic sealing problem.

Hard Shell

The rotating machinery can be enclosed in a sealed case or
-" hard shell so that the machinery operates in air at atmospheric
.* pressure. The disadvantages of this approach are the size and

weight of the shell needed to withstand deep-submergence pressures.
A dynamic seal capable of limiting the leakage of seawater into the
shell under very high-pressure differentials, up to 13,500 pounds

"low per square inch differential (psid), would be required at the shaft
penetrations. A dynamic seal for such pressures is beyond the
state of the art and beyond the scope of this handbook.

!T

ix

II



Free-Flooded Machinery e

The machinery can be open to the sea and specifically designed
to operate in a sea-water environment. The advantages of this

approach are that a light machinery structure can be used; a supply
of machinery fluid is readily available; and no dynamic seals are
required. This approach, however, is limited to machinery systems
where the poor lubricating, electrical, and corrosive properties
of seawater can be tolerated.

Fluid-Filled, Pressure-Compensated System

The machinery system can be filled with a fluid which provides
corrosion and electrical protection, lubrication, and cooling.
The fluid within the machinery can be maintained at sea pressure
by a pressure-equilization system. This approach has the advantage
of light weight and increased reliability. Dynamic seals at the
machinery-shaft-sea interfaces are required. The sealing problem,
however, is less demanding than the hard shell approach because
zero pressure, at the most, a small differential exists across the
seal.

This guide concorns itself with selecting off-the-shelf seals

for this fluid-filled machinery configuration.

SEALS AND SEAL SYSTEMS IN USE

Description

Off-the-shelf seals, of the axial mechanical face, and
elastomer lip configurations have been used.

The simplest system uses one seal at the machinery-shaft-sea
interface and one pressure compensator, to maintain the machinery
compartment at sea pressure, or slightly higher.

The majority of the seal systems on the electric drives use
two axial face seals at the machinery-shaft-sea interface and two
pressure compensators. The two seals separate two compartments,
as shown in figures 1 and 2. The inboard seal separates the
machinery compartment from an intermediate seal cavity. The out-
board seal separates this cavity from the sea. The compensating
fluids in the machinery and seal cavity are usually the same.
The inboard seal has the same compensating fluid on both sides.
The outboard seal has compensating fluid on one side and seawater
on the other side.

In a redundant arrangement, there is no pressure drop across
either seal and both the machinery and seal cavity are maintained
at sea pressure. The compensator on the machinery cavity is
usually independent of the compensator on the seal cavity, figure 1.

x



MACHINERY CAVITY COMPENSATOR SEAL CAVITY COMPENSATOR
4S ISIMPLE ELASTOMER DIAPHRAM SHOWNL IATER•ATESSHOWN IN FIGURE 5

MACHINERY CAVITY SEAL CAVITY

INBOARD SEAL OUTBOARD SEAL SLINGER

Figure 1 - Double Seal, Redundant Arrangement (AP Nominally Zero)

MACHINERY CAVITY COMPENSATOR

SEAL CAVITY COMPENSATOR
SPRING-LOADED PISTON TYPE WITH

L "0 DYNAMIC SEALS SHOWN
oo0 0 ALTERNATES SHOWN IN FIGURE 5

0 00
0 0 0 0
0 0 0*0

*0 0 0

MACHINERY CAVITY SEALCVTSE

00

INBOARD SEAL OUTBOARD SEAL SLINGER
____ ~ ~ ~ 11 A______ *A

t O O

Figure 2 - Double Seal, Pressure Cascaded
Arrangement (AP Nominally 2 to 5 PSID)
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In a pressure-cascaded arrangement, the seal cavity is main-
tained at slightly higher pressure than the sea (typically 2 to 5
psid) by the seal-cavity compensator. The high-pressure side of
the seal-cavity compensator is then connected to the low-pressure
side of the machinery compartment compensator, which in turn main-
tains the machinery compartment at a slightly higher pressure
(typically 2 to 5 psid) than the seal cavity, figure 2. Thusp a
pressure drop exists across both seals and from the machinery
cavity to the sea.

The rationale of these systems is that the seal will not leak
when there is no pressure differential or will leak in the direction
of the pressure differential.

Problem Areas

0 Machinery and Operations - Related Problems - Appli-
cation Problems. Problems arise because the equipment designer,
manufacturer, or operator is unaware or fails to appreciate how
features of the machinery system or certain operational procedures
can interact with and affect the seal. Examples of this type of
problem are:

9 Machinery Failure/Seal Failure Interaction.
Problems can arise when off-the-shelf machinery, originally intended
to operate in an air-ambient-environment, is adapted to a deep
ocean, high-pressure environment. Because of particular features
of the machinery, an unbalanced hydrostatic thrust load may develop
on the shaft of the machinery when the system is pressurized. In
one application, the machinery had no thrust bearings to absorb
this load since, in its intended application, there was no thrust.
The shaft moved axially until the thrust load was absorbed by a
face seal in the system. This resulted in destruction of the seal
and subsequently a machinery failure.

0 Pressure Compensator/Seal Interaction. Instances
of malfunction have been reported in which the pressure compensator
allowed the magnitude and or direction of the pressure differential
to go beyond design limits. In some instances, this has resulted
in catastrophic mechanical failure of the seal or blowing open of
the seal with high leakage.

0 Operational Procedure/Seal Interaction. Pressure
or vacuum filling of the machinery system, to rid it of air, has
in some instances resulted in seal failure. Excessive filling
pressure can force the seal open and/or mechanically overstress

t, causing permanent damage. Vacuum filling will reverse the
normal direction and magnitude of the pressure differential across
the seal. This can pull the seal open and also cause permanent
damage.

xii



t •o Inherent Features of the Seel. Hydrodynamic pumping
effects in face and lip seals, when operated under 1 w-pressure
differentials, have been reported in the literature. -7 Hydro-

-. dynamic pumping can result in leakage where there is no hydrostatic
pressure differential across the seal, or in leakage against the
pressure differential. Pumping is usually not a problem in the
mcre conventional applications, where the seal is in a liquid/air

S... •environment. The ingestion of air or mixing and contamination ofthe fluids usually poses no serious problem. At high-pressure

differentials, the pumping leakage usually goes unnoticed because
it is masked by the hydrostatic leakage. However, pumping could
pose a problem in deep-submersible applications because of the
existing low-pressure differentials and the liquid/liquid environ-

S..ment of the seal, particularly for a seal at the machinery/sea
interface. At the present time, there is no way to predict from
theory or experience whether a given seal design will pump, in
which direction it will pump, or the magnitude of the leakage.

A

va

so

"•iuperscripts refer to similarly numbered entries in the Technical
References in Chapter V of this haadbook.
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U CHAPTER I

ESTABLISH SEAL SYSTEM REQUIREMENTS

The first and most important step in selecting a seal is to
define the application requirements. Discussions with seal manu-
facturers indica(e trbelr experience has been that the majority of
seal problems, in all types of applications, can be traced to
some seal-operating condition, uperating procedure, or seemingly
unrelated operating condition within the system which was not
appreciated and thus not defined by the seal user. Consequently,
no provisions were designed into the seal or seal system to cope

* with these conditions, and the seal fails in operation. This lack
of appreciation has resulted in prc lems on deep-ocean applications
that can be prevented by careful consideration of the seal and its
system interaction while the machinery system is still in the

f design stage.

The seal user is urged to consider and specify the following
parameters in the light of his particular application. The speci-
fications should be passed on to those responsible for selecting
or designing the seal. A specification form, figure 3, is pro-
vided for this purpose,

Show print or sketch of area
where seal is located, fea-
tures of the shaft over which
seal must be assembled (key-

..... ways, splines, threads, etc),
location of the seal in

- - relation to bearings, type of
bearings and features ofhousing should be shown.

Fill in specifications for
each shaft penetration.

FLUID I FLUID 2

Fluid Level in Relation to Seal

-Continuously submerged 0 Yes 0 No 0 Yes 0 Nc

Periodically exposed to air 0 Yes 0 No 0 Yes 0 No

Type Fluid on Either Side of Seal (if proprietary give properties)

* Normal Operating Fluids

Type _Applicable Spec Type _Applicable Spec

Fluid Temperature, Kin - 0 '. Fluid Temperature, in_ 0 F

Max 0_ F Max 0 F

Figure 3 - Seal Specification Form

I-1
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'Li
Viscosity, Max at Max Pressure and Viscosity, Max " at Max Pressure and

,---)in Temperature - t4in Temperature

Min at Min Pressure and Min at Min Pressure and
--- "Max Temperature --- Max Temperature

Vapor Pressure, at Max Temperature_ Vapor Prossure, at Max\ Temperature

at Min Temperature at Min Temperature

Surface Tension, at Max Temperature__ Surface Tension, at Max Temperature

at Min Temperature at Min Temperature

Abrasives in Fluid 0 Yes 0 No Abrasives in Fluid 0 Yes 0 No
(If Yes: give composition and (If Yes, give composition and

concentration) concentration)

Fluids Used for Storage, Flushing, or Test (If different than normal operating fluids,
specify.)

Type _ Applicable Spec Type Applicable Spec

Fluid Temperature, Min 0 F Fluid Temperature, Min 0 F

Max 0 F Max 0 F

System Pressure

During normal operation, Min

Max
"During filling, Min

Max
During testing, Min

Max

Magnitude and Direction of Pressure Differential

During normal operation

Direction 1 - 2 0
2- [1 0

Magnitude, Min
Max

During filling
Direction 1 - 2 0

2 1 0
Magnitude, Min

Max

During testing
Direction 1 2 Li

2-1 0[3
Magnitude, Win

Max

Figure 3 (Cont)
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"Space and Mounting Requirements

6 Mounting bore size, Max OD

Min OD.__

Shaft size, Max Dia

Min Dia

Axial length, Max

Min

Is a split seal required? 0 Yes 0 No

Are modifications to shaft, such as sleeves, steeps, grooves, etc, or to housing
acceptable? 0 Yes 0 No

From which direction is seal assembled? From Side 3. 0 From Side 2 0
Materials

* Shaft material Hardness Surface finish

Machinery mounting bore material Bore finish_ _ _ _

Shaft Speed

. Rotating 0 Oscillatirg or discontinuous rotation

0 Unirotational Range _ Degrees ' k

0 Birotational Rate Degrees or cps

, Speed range, Max rpm

Min rpm

Stop-start or reversing frequency, starts/hour

Approximate duty cycle, % time birotational

- . % time static

S% time at low speed

._% time at intermediate speed

time at max speed

Shaft-to-Mounting Bore Variations

4; Possible axial shaft-to-bore assembly variations due to stack up tolerances, in.

Axial shaft-to-bore movement in operation in., rate c/sec

Radial shaft-to-bore misalignment (eccentricity plus radial dynamic runout at sea I
location), in. Angular misalignment at seal location, degrees

Figure 3 (Cont)
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Performance Requirements

Acceptable leakage rates

Q1 -o 2 cc/hr

Q2 - ._cc/hr

Acceptable life, . hours

Acceptable losses

Breakout or starting torque, oz-in.

Running torque, oz-in. at rpm

- Other
Figure 3 (Cont)

NORMAL OPERATING CONDITIONS

Functions of the Seal

A seal at the machinery/sea interface must prevent the escape
of compensating fluid from the system and must exclude seawater
from the machinery system.

An internal seal, at the interface of different machinery
elements, may be required for several purposes:

o To limit leakage between two different types of
compensating fluids. Because of the different fluid requirements
of each machinery element in the system, it may be necessary to
use different types of compensating fluids in each machinery
element (gearbox, motor).

o To serve as a contamina t barrier. Contaminants
generated in one machinery element, •-h as brush wear products
in d.-c* motors, can spread within tie n.--chinery system and cause
damage to other machine elements.

o To serve as a thermal bairier. O-ne machinery element
may operate at a higher tempcrature thin other e.ements in .he
system. If the fluid in this element 13 allowed •o circuilate, it
can damage or impair the efficiercy of o her elcmeiits. Machinery
lubrication can be affected by viscosity changes due to heat.

Abbreviations used in this text are from the GPO Style Manual,

1967, unless otherwise noted.
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Leakage from a seal at the machinery-sea interface would be
more serious than that from an internal seal.

Seals are sometimes used on sea-water-flooded machinery appli-
cations, figure 4. Seawater is usually admitted to the machinery
cavity through a filter medium or through a settling chamber
arrangement so that the machinery cavity and bearings operate in
relatively clean seawater. The seal then functions to keep the
clean water in and the dirty seawater out of the system.

Number of Penetrations to be Sealed

In sea-water and hydraulic pump applications, figure 4, it is
usually possible to couple the prime mover, an electric or hydraulic

* •motor, to the pump without a sea-water penetration. An internal
seal at the motor/pump interface may, however, be required.

Electric propulsion systems, figure 4, have one sea-water
penetration. In this application, an electric motor drives a
propeller directly or the motor is directly coupled to a reduction
gear which drives a propeller for main propulsion or thrusting.
The motor and reduction gear usually share the same compensating
fluid. The seal is on the output shaft of the reduction gear and
seals both the gearbox and motor from the sea. An internal seal,
at the motor/reduction gear interface, may be required for some

- "coupled-drive-system designs.

Applications such as cyclodial propellers, pods, and steering
-. gear (figure 4) can have a number of different sizes of sea pene-

trations, each with a different type of shaft motion, in the same
"machinery housing.

System Ambient Pressure at the Seal

theThe system pressure, i.e., the pressure inside and outside

the machinery, is equalized by a pressure-compensating system.
SThe system pressure is variable from air-ambient to the maximum

submergence pressure of the equipment.

Considerations include the effects of pressure on the machinery,
fluid viscosity, cavitation, and the mechanical integrity of the
seal.

Magnitude and Direction of the Pressure Differential at the Seal K
The magnitude and direction of the pressure differential

across the seal is determined by the pressure compensator. Depend-
-T ing on the particular design of the compensator, the differential

may be constant or it may vary with the volume of the compensator.
For example, the pressure differential with a spring-loaded piston,
or a simple elastomer diaphragm-type compensator, figure 5, will
change as the fluid volume and extension or contraction of the
spring or diaphragm change.
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PUMPAGE IN -* PUMP TH YDRAULIC LIP SEAL
PGE Jf FACE SEAL

MRIC

PUMIAGE OUT--._ 1 MOTORi

HYDRAULIC OR SEA-WATER PUMP

-SEAL CAVITY

MOTOR GEA R

MOTOR-REDUCTION GEAR DRIVE SYSTEM

,,-SEAL CAVITY

ELECTRIC_
MOTOR•

MOTOR CYCLODIAL PROPELLER

DIRECT DRIVE SYSTEM BLADE

;SEAL

ELECTRIC 1
FILTER MOTOR HUB SEALS

SEA-WATER-FLOODED DRIVE SYSTEM

POD
STEERING GEARBOX

SIDE STEERING AND PROPULSION SYSTEM

Figure 4 - Typical Deep-Ocean Dynamic Seal Applications
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AFLAT DIAPHRAGM _0___UTED __A___ ,___ _LA__

WITH _YNANSEAL CIH'OLINVOUE DIAPHRAGM IHEASTM BELLOWS
1. pr dn r

*,* *

2, Posblte foanligo ecaia

WiTH DYNAMIC SEALS WaTd dOL aiNG seals.A
_________ IH"L N IAHAM WITH ELASTOMEPR BELLOWS

Figur 5 ExSPRING- LOADED PISTON! : • Check For :

The usr i. Pressure differential - volume relationship
th 2,, Possibilities for fouling or mechanical

damage.

.3. Possible interaction between different
De tcompensators in system.

"acmmdt. Possible interaction between compensators
EAI ELWand dynamic seals.

Figure 5 - Examples of Pressure Compensator Configurations

• • ~~The user is urged to consider the interrelationshi~hs pariuabetween A
the pressure compensator and dynamic seals on hspriua

"+' application.

S• Does the compensator have a sufficient volume to
S~accommodate changes due to fluid compressibility, temperature,

and entrapped air?

,I
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* How does the pressure differential vary with the volume
of the compensator? What are the pressure limits?

o Can the compensator become fouled with sea growth,
sand, or silt or inhibited so that its useful working volume is
reduced? Does the compensator itself contain seals which can
leak or otherwise inhibit the motion of the compensator? Inhibiting
the motion of the compensator can result in very high pressure
differentials when the fluid temperature increases or a vacuum
when the fluid temperature decreases.

o Is the direction of the pressure differential in the

direction for which the seal was designed?
In existing systems, the machinery system is usually main-

tained at sea pressure or slightly above sea pressure, typically

2 to 5 psid.

Type of Shaft Motion, Speed and Size of Shaft, Stop-Start Frequency

o Rotating Shafts. The shafts on pump applications
usually rotate in one direction, at constant speed, with an on-off
duty cycle. The shafts are relatively small in diameter (0.5 to
1.5 inches) and rotate at relatively high speed, typically 1800
or 3600 rpm. The shafts on the electric drive systems rotate in
either direction, at variable speed, in a variable-duty cycle.
The output shafts are of relatively larger sizes (1.5 to 3 inches)
and rotate at relatively lower speeds, typically 0 to ±lO0 rpm or
O to v600 rpm. Much larger shafts (8 to 24 inches) are used on
pods and at the hub of cyclodial propellers. The shaft speed,
however, is usually less than 100 rpm.

o Intermittent Rotating and Oscillating Shafts. Blade
shafts on cyclodial propellers continuously oscillate at a fixed
rate and through a limited angle. Other applications, such as
pods and steering gear, have shafts which oscillate intermittently
at a random rate and angle, while others may rotate intermittently
but do not rotate through a full 360 degrees.

e Static Shafts. Most submersibles will spend consid-
erable periods of time out of the water with the machinery inopera-
tive, during a normal mission and during transit to an operational
site. Present submersibles are capable of operating 8 to 24 hours
submerged. The dynamic seals in the system will also be required
to be effective as static seals for relatively long periods oftime.

Fluid Environment of the Seal.

o Fluid Level and Type of Fluid on Either Side of the
Seal. The seal is completely submerged in a liquid/liquid eaviron-
ment when the machinery is operative. The seal may have the same
or different fluids on either side or it will have a compensating

1-8
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H fluid on one side and seawater on the other side. The type of
compensating fluid used is dictated by the fluid requirements of

Sthe machinery .Y The fluid should be nam ed. If proprietary , its
properties should be specified.

A seal at the machinery/sea interface will be periodically
exposed to air when the machinery is out of the water. The
machinery may be operated in this condition for testing or c.eckout
purposes.

o Effect of Pressure and Temperature on Viscosity.
Viscosity is particularly significant in deep-submergence appli-
cations because of the very high system pressures. Most fluids
considered for use as compensating fluids show a marked increase
in viscosity at deep-submergence pressures. 9 Some are also non-
Newtonian.-

o Abrasives in the Fluids; Tendency of the Fluids to
Form Abrasives. A seal at the machinery-sea interface will be
subjected to abrasives at the sea-water side. This may be particu-
larly severe when the equipment is operating near the ocean floor
and the propulsion system is churning up sand and silt. Abrasives
can also be introduced into the compensating fluid from brush and
component wear debris and from solids formed from the breakdown
of the compensating fluid under electrical arcing which also pro-
duces gaseous products. The possibility of such gases expanding
out of solution and resulting in changes in the pressure differ-
ential should be considered. Hard salt and silt deposits may also
occur when the seal dries out with the equipment out of the water.
"The type, size and concentration of the abrasives should be speci-
fied.

7 . Chemical Activity of the Fluids. The effect of
pressure and temperature on the corrosive properties of the fluids
"should be considered. The corrosive effects of seawater are well
known. Sea-water-contaminated compensating fluids and the
compatibility of various compensating fluids with commonly used

U• materials is given in reference 9.

The possibility of the fluid breaking down and forming
corrosive products, or of sludge formation and viscosity changes,
should be considered.

o Vapor Pressure, Entrapped Gases. The vapor pressure
the liquids are important in relation to cavitation effects.

Entrapped air also affects compressibility and viscosity. 9

o Surface Tension. The significance of the surface
u tension will be considered later.

o Temperature of Environment. Deep-submersible equip-
ment may be transported to its operational location by air, over-i land, or by sea. The seal must survive under the temperature
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extremes of these environments as well as under the operating
temperature of the machinery:

"Air ambient: -40o to 14O° F.

• Sea-water ambient: +280 to +80o F.

Machinery fluid operating temperature: tempera-
ture of the environment to +1900 F.

Physical Environment of the Seal.

* Space available for the seal.

* Provision for ease of assembly and replacement.
Machinery configurations requiring a split seal assembly should
be avoided if at all possible. A split seal will complicate the
sealing problem. Effective sealing is difficult because of the
discontinuity introduced at the seal interface by the split. In
most existing applications, the seal can be assembled over the
end of the shaft, thus not requiring split seals. The possibility
and acceptability of using assembly aids such as shaft sleeves,
shaft steps, collars, etc. should be considered.

9 The Axial and Radial Runout, Shaft to Seal Eccentricity,
Angular Misalignment, and Vibration of the Shaft Which the Seal
Must Accommodate. Shaft-to-seal relative motion will generally
cause increased leakage. Therefore, consideration should be given
to the type of bearings used, the clearance in the bearings, the
location of the seal in relation to the bearings, and the possi-
bility of thrust or radial loads being placed on the seal. Placing
the seal as close to the bearings as possible will minimize shaft
to seal relative motion.

* Machinery Materials in Proximity of Seal. The possi-
bility of setting up a galvanic couple between the machinery and
seal materials and the possibility of stray currents resulting in
impressed current corrosion should be considered.

OPERATING PROCEDURES

The seal user should analyze the operating practices and
procedures to determine their effect on seal-operating conditions.
These conditions should be specified. For example:

Testing Procedure

Tests of the machinery system, such as running the machinery
without compensating fluid for purposes of determining churning
losses, using higher pressures or higher pressure differentials
during hydrostatic tests, or using a different compensator when
testing# can subject the seal to more severe and or very different
operating conditions than would normally be encountered.

I-1O



Ll Filling Procedure

'. Pressure or vacuum filling of the system, to rid it of air,
can result in higher differentials or can result in reversed
pressure differentials across the seal.

Transporting and Storage Procedures
6-4

Using a different type compensating fluid for flushing or as
a preservative during storage can lead to material incompatibility
problems if the fluids are not specified.

PERFORMANCE REQUIREMENTS

Acceptable Static and Dynamic Leakage Rates

Limits on the acceptable leakage rate of seawater into the
system and of compensating fluid out of the system will vary for
the different applications but will be determined by:

. The volume of the machinery and compensating system.

e The mission cycle.

* The susceptibility of the machinery system to sea-water
damage.

- The ability of the compensating fluid to neutralize
the harmful effects of seawater.

:.• * The number of penetrations to the sea. A machinery
system with a multitude of penetrations would place more stringent

S..leakage requirements on each seal in the system than that for a
machinery system with only one.

* The direction of the leakage. If it is absolutely
necessary that the seal leak to function properly, it would be
preferable to have the compensating fluid leak into the sea
rather than the sea into the machinery.

Acceptable Power Loss and Breakout Torque

teMachinery losses, appearing as heat, are dissipated through
" the machinery housing to the sea. There are usually no external,
auxiliary provisions for cooling the seal or compensating fluid.
Seal losses put an additional heat load on the system and reduce
the overall efficiency of the machinery; the system's ability to
dissipate this additional heat and the loss in efficiency which
can be tclerated will determine the level of seal losses which
are acceptable.

Heat generated by the seal can result in temperatures in
exces... of the system ambient locally at the seal. The temperature

12 I-II



[I

at the seal is impotant because of its effects on the seal
materials and on the viscosity and vapor pressure of the fluid
at the seal.

Breakout torque, i.e., the torque required to initiate
rotation, is particularly important in positioning or control
devices where low and predictable breakout torque is necessary to
prevent overshooting.

Acceptable Life

The life, i.e., that period of time over which the seal must
maintain the desired leakage rate, is determined by the mission
cycle and time between overhauls for each specific application.

Availability

The use of an off-the-shelf seal as is, or one which can be
readily modified to meet the particular application requirements,
is desirable.
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L CHAPTER II

CONSIDER SEALING ALTERNATIVES

Consider now, in light of the application requirements, the
general types of seals and their suitability for deep-submergence
applications.

DESCRIPTION OF SEAL TYPES AND THEIR SUITABILITY

A variety of seals, 1 0 , 1 based on different sealing concepts,
are in general use. They can be classified, by the way they
restrict leakage, into three general categories: clearance seals,
fluid-force seals, and hermetic seals.

Clearance Seals

Clearance seals restrict leakage by controlling the clearance
and or geometry of the flow path between its dynamic and stationary
elements. They can be further classified as:

, Contact Seals - seals with zero or uncontrolled
clearance, figure 6. A contact seal consists essentially of two
highly conforming surfaces, one of which is moving relative to the
other, in bearing contact. Mechanical face seals, packing, and
elastomer lip seals are common examples of this class of seal.
They are referred to as contact seals because it is generally
assumed that there is no clearance, i.eo, true contact exists at
the sealing interface. It has been shown, however, that these
seal configurations can and do operate with a very minute film of
fluid, or clearance, of the order of 100 Ain or less, at the seal-
ing interface. The clearance results from unplanned for or acci-
dental effects rather than from some particular feature designed
"into the seal. Because the clearance is so small, they are
capable of limiting leakage to low levels. The availability of
this type of seal in a variety of configurations and materials
maKes them adaptable to a wide variety of applications. Availa-
bility, adaptability, simplicity, and low leakage capabilities

* make the contact type of seal the most attractive choice for
deep-submergence applications. The configurations shown in
figure 6 are possible candidates for deep-ocean applications.

89 The contact-type seal will usually perform satisfactorily for the
majority of rotating seal applications. Problems, in the form of
high and erratic leakage, short life, and high mechanical losses,
usually occur when they are used in applications with high
differential pressure and/or high speed, with exotic fluids. In
such applications, the seal designer will usually resort to a
different type of seal, as described below.

SII-



AXIAL CONFIGURATIONS

MECHANICAL END FACE SEAL

O-RING SLIPPER SEAL IN AN AXIAL
CONFIGURATION

RADIAL CONIGURATiOS

CONVENTIONAL O-RING

O-RING SLIPPER SEAL

U-CUP TYPE SEAL

//(

S/• / ELASTOMER LIP SEAL

1Figure 6 - Contact-Type Seal Configurations
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U * Controlled-Clearance Seal - clearance controlled by
design features and operating conditions, figure 7. A controlled-
clearance seal incorporates special, planned design features at
the seal interface which utilize the pressure differential (seal
behaves as a hydrostatic bearing) and/or the seal or shaft rotation
(seal behaves as a hydrodynamic or hybrid bearing) to produce a

I • controllable clearance at the seal interface. The clearance, and
thus the leakage, vary with the pressure and/or speed of rotation
in a predictable, controllable manner. They generally operate with
greater clearance and thus have greater leakage than the contactI ~ type seal. Off-the-shelf hardware is not readily available because
they are generally regarded as special purpose seals and must be
designed for the specific application. They are used primarily
in high-speed and/or very high differential pressure applications,
where the simpler contact-type seal will not perform satisfactorily.
The greater leakage and lack of availability make them unattractive
alternatives to the contact-type seal.

* Fixed Clearance Seal - clearance fixed by design
features, figure 7. The clearance in this type is built into the

*. devices at the time of manufacture and remains essentially inde-
pendent of operating conditions. Bushing and labyrinth seals are

- examples of this type. Off-the-shelf hardware is not available,
since these seals are usually designed as an integral part of the

* machinery. The clearance, and thus leakage, will generally be
greater than in either the controlled clearance or contact seal
since enough clearance must be designed into the seal initially
to accommodate manufacturing inaccuracies, shaft motion, and
dimensional changes in operation.

* •Fluid-Force Seals

Fluid force seals achieve leakage restriction by controlling
the fluid forces at the interface of their dynamic and stationary
elements. Specific types are:

Sf e Viscous or Ocrew Seal - utilizes viscous forces,
Sfigure 7. Sealing in a viscous device is accomplished by a
pumping action which generates a pressure head in the device to
oppose the applied pressure. This device is similar in construc-

9 .tion to a screw pump. Its sealing ability depends upon rotation,
it will not seal statically and will usually only seal in one

4 direction of rotation (unirotational). Static sealing is usually
accomplished by adding another type of seal, usually a contact
seal, to the device. It is most effective at one given speed,
pressure differential, and fluid viscosity. At its design point
there is zero leakage; off the design point, it can pump.
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SIALIING FACE CONTOURED
IN DIRECTION

LEA IEFUNCTION K-C ANCE FUNCTION AP
SFrAP S AND VISCOSITY

DEROSTIC SEL -- -- IDHYDROSTATIC-"HYDIIOONNAMIC SEAL

CONTROLED CLEARANCE SEALS

BUSHING SEAL LABYRINTH SEAL

MNETICNET

MAGNETIC FLUI SEAL HERMETIC SEAL

Figure 7 - Various Seal Configurations
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U • Centrifugal or Slinger Seals - utilize inertia
forces, figure 7. In its simplest form, a centrifugal seal
consists of a disk rotating in a close fitting annular space
containing a fluid. The centrifugal force field generated by the
rotating disk balances the pressure forces. It is similar to the
viscous seal in that it will not seal statically and can pump
when operated off its design point (i.e., a given density, speed
and AP.. Since a seal in deep-submergence application is required
to seal statically over a range of speeds and fluid properties,
and may be required to be birotational, such seals are not

16A applicable.

"*eMagnetic Fluid Seal - utilizes magnetic force,
figure 7. This seal, in a bushing-type configuration, consists
of a cylindrical permanent magnet which holds a magnetic liquid
in the clearance between the magnet and shaft. Magnetic forces
hold the liquid in place against the pressure forces. The magnetic
liquid is insoluble in the fluids being sealed and acts as a
barrier between the various fluids being sealed. This device is
commercially available in a bushing-typa configuration. Because
its sealing ability is sensitive to the radial clearance between
the magnet and shaft, the commercial version contains its own shaft
and bearings. It has been successfully applied to vacuum appli-
cations with virtually no leakage. Testing this seal for marine
applications has shown the device to be unsuccessful because of
contamination of the magnetic liquid with ferromagnetic contami-
nants. 1 2 This device is in a new technology area where rapid
development is taking place. A device applicable to marine use
may be developed in the future.

. Surface Tension Seal - utilizes surface tension forces.
It has been proposed4 that the fluid forces acting at the interface

t of two immisible fluids can be used to restrict leakage across a
learance seal in a two-liquid system. However, no device specifi-
"ally designed to exploit these forces is known.

Hermetic Devices

Hermetic seals provide a positive, leak-tight barrier between
the dynamic and stationary elements of the machine.

The shaft motion could be passed through a deformable barrier
at the machinery/sea interface. Examples of the deformable-
barrier type of seal are the laminated elastomer bearing, figure
7, and harmonic drive. 1 3

"The laminated bearing consists of thin, alternate layers of
metal and elastomer, bonded together. It is attractive for
applications with oscillating shafts or shafts with limited rotary
motion, since it can serve as both a bearing and seal. It will
not permit full rotation, however.

l5
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A device like the harmonic drive, which transmits motion i
across a deformable can-like structure, does permit full rotation.
Thits ncept is being evaluated in the electric drive system

VARIABLES AND LIMITATIONS COMMON TO CONTACT SEALS

The limitations and variables of seal operation are more
readily appreciated if the similarities between a contact-type
seal and bearing are recognized. A contact seal can behave as a
hydrostatic, hydrodynamic, hybrid, or dry bearing. The essential
difference between a contact seal and conventional bearing is one
of function; the pressures and clearance generated by the seal are
used to restrict leakage, whereas in a bearing they are used to
support an external load.

Forces on Seal

To demonstrate the mechanism of operation of a contact seal
and its similarity to a bearing, consider the force system acting
on the sealing element of these devices when subjected to a
pressure differential as shown in figure 8. The face and lip
seal configurations are used as examples. The other configura-
tions shown in figure 6 behave similarly.

The sealing element is free to move relative to the dynamic
surface and is loaded in a direction perpendicular to the dynamic
surface by a combination of hydrostatic, spring, and elastic
forces. The sum of these forces constitutes the seal closing
force, Wc, since they are directed to close the seal interface.
The closing force is analogous to the externally applied load on
a bearing.

Hydrostatic and hydrodynamic forces are generated at the
seal interface and tend to open it. The magnitude of these
opening forces, Wo, is a function of the interface clearance.
The opening force is analogous to the load capacity of a bearing.
The force system on the seal.ing element will then adjust the
interface clearance until the seal opening and closing forces
are equal, i.e., until equilibrium or balance is obtained. The
fluid pressure and clearance existing at the seal interface when
equilibrium is established will then determine the leakage of
the seal.

Leakage of Seal

The opening force of the seal depends upon the seal interface
geometry just as the load capacity of a bear ng depends upon the
bearing geometry. The difficulty encountered when analyzing or
designing a contact seal is defining this geometry. Ideally, the
sealing surfaces are perfectly conforming; in reality, they are
not. It has been shown that deviations from perfect conformity
of the order of microinches have a significant effect on the
pressure and clearance generating ability of the seal.
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Li ~ -MECH4ANICAL FACE SEAL

[17

'-iq-

ELASTOMER LIP SEAL

SEALINGI
ELEMENT Wc= APAC + WSPRtING& WELASTIC

EQUIVALENT FORCE SYSTEM
where

Ac Net closing area over which the pressure differential acts
Af Area of the seal interface

h Seal interface clearance
AP Po-Pi; Hydrostatic pressure differential across the seal
Wc Seal closing force, i.e., force tending to close seal interface

Welastic - Force on sealing element due to secondary sealing member(face seal) or t. Interference fit between lip and
shaft (elastomer lip seal).

W0 - Seal opening force, i.e., force tending to open seal interface
Wspring - Force on sealing element due to springs
V Relative sliding velocity at seal interface

SFigure 8 - Force System on Sealing Element
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Since these deviations are so small, it is difficult to measure
and to control or avold them in any real seal application.
Consider now how these deviations can effect the leakage of the
seal.

. Leakage Due to Hydrostatic Effects Only. The hydro-
static opening force is associated with deviations in the in er-
face geometry in the direction of the pressure differential.I4
Such deviations can arise from manufacturing errors, mechanical,
pressure, and/or the-1naally induced distortions, and from wear.

he hydrostatic opening force, Wo(hs), as a function of the
interface clearance for a given pressure differential and various
interface geometries is shown in item (a) of figure 9. The
hydrostatic opening force is a function of the hydrostatic pressure
drop across the seal interface. The maximum achievable hydrostatic
opening force is, from item (a) of figure 9,

Wo(hs)MAX = APAf .

The ratio of the actual seal opening force to the maximum hydro-
static opening force when equilibrium is established is

W Wo W c APA + WSPRING ± WELASTIC

Wo(hs)MAX APAf

= EFFECTIVE BALANCE RATIO, EBR

and will be called the effective balance ratio (EBR) of the seal.
When the EBR is less than or equal to 0.5, the hydrostatic opening
force, Wo(hs), will exceed the closing force, opening the seal
interface, or an unstable clearance, point (1) in item (a) of
figure 9, will be formed. Such a condition is termed an under-
balanced or unbalanced seal because stability is never achieved;
the seal will either not seal at all or else the leakage l be
erratic. For this reason, commercially available seals hr-re rBh s
greater than 0.5 when the pressure differential is applied '.r. tae
direction for which the seal was designed. When the EBR i, htw•,4.1
0.5 and 1.0, the seal is termed balanced because the closinr .foV "
will exceed the hydrostatic opening force, closing the sea] iinter-
face, point (2) in item (a) of figure 9, or the hydrostatic open-
ing force will equal the closing force with a stable clearance at
the seal interfaee, point (3) in item (a) of figure 9; the seal
will then not leak at all or else the leakage will be stable.
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[I Item (a) -clearance Due to Hydrostatic Effects

for0.5EB<Io (HINS for CONVERGING INTEWDE SHAPE
0 .5APA+ -Wo(HS) for PARALLEL INTERFACE SHAPE I

for_______ 480__5_________for DIVERtGING wraAESHAPF
0 o O.O0480.S WC(S NEFC

Item (b) -clearance Due to Hiydrodynamic EffectsS. -4.-h LIMITS CLEARANCE BREAKS DOWN

~ I W0O1H0 ) OPENING FORCE DUE TO HYDRODYNAMIC EFFECTS

-- WC

Item (c) -clearance Due to Combined Effects

Wc for EBR>)1.O

o(combinwdJ OPENING FORCE DUE TO COMBINED EFFECTS

O.56W~f~ - - --- ~bh, INTERFACE CLEARANCE

Figure 9 -Forces on SealingElmn

T2 as a Function of the Interface Clearance
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The hydrostatic leakage, Q(hs), can be expressed qualitatively as,

SAPh= 3 )3)Q(hs)

where S = a function of the seal geometry. The hydrostatic leakage
is in the direction of the pressure differential. When the EBR
is greater than or equal to 1.0, the seal is termed overbalanced
because the seal closing force will always exceed the hydrostatic
opening force. No clearance, point (4) in item (a) of figure 9,
and thus no leakage is possible.

e Leakage Due to Hydrodynamic Effects Only. Hydrodynamic
effects are associated with deviations in the interface geometry
in the direction of relative motion. Deviations such as surface
waviness, surface roughness, misalignment, eccentricity, and
vibration, either singul~rly or in combination, have been related
to hydrodynamic effects. P, The seal generates pressure at the
seal interface when operating hydrodynamically. Pressures, higher
than the ambient pressure surrounding the seal, can be generated
in regions where unplanned-for deviations produce a converging
clearance shape in the direction of relative motion. Subambient
pressures can be generated in regions where a divergent clearance
shape exists. Subambient pressures can lead to cavitation if the
pressure at the seal interface falls to the vapor pressure of the
liquid, or to the evolution of gases if the pressure falls to the
saturation pressure. Integrating these pressures over the area
of the seal interface gives the hydrodynamic opening force, Wo(hd),
of the seal. It has been found that the hydrodynamic cpening
force is of the forml, 2

WB(L Ey) e,4
Wo(hd) = .....

where

B = some function of the seal and seal interface

geometry

A = viscosity of the fluid at the seal interface

V = relative velocity at the seal interface

h = mean interface clearance

x,y,z = the values of the exponents vary, d tding
apparently on what is causing hydro mic action.

I-10



[ For example, deviations such as surface waviness may give one set
of exponents, while another type of deviation, such as vibration,

1W etc# may produce a completely different set of exponents. It has
been found that x and y are usually equal and the numerical value
varies between 1 and 2. The numerical value of z usually varies
between 2 and 6. If there is no pressure differential across the
seal, there can be no hydrostatic opening or closing forces, or

ýa hydrostatic leakage. The closing force is then due to the spring
and elastic forces; the interface clearance when equilibrium is
established, point (5) in item (b) of figure 9, is from equation 4,

4F (5)x'V =/ ] - B/2Vy] i/Z - ASPI:VY 1/z

... .(5)

The seal can leak even though there is no applied hydrostatic
pressure differential because it is generating its own pressures.
Fluid can be pumped out of the clearance to either side of the
seal, in regions of high pressure, and into the clearance from
either side of the seal, in regions of subambient pressure. This
pumping phenomena is rot yet completely understood, particularly
when different liquids are present on both sides of the seal. It
appears however, that pumping in a seal is simila to end-leakage
effects in conventional hydrodynamic bearingss5 15and is of the
form,

Q(hd) = DVh(5) ..... (6)

where D is some function of the geometry and may be positive or
negative, i.e. the direction of the leakage can vary. Substituting
in equation (6 for the clearance, equation (5),

1/z
Qhd) =DV( ) .. 7

c

. shows that the pumping leakage is a function of the interface
geometry, viscosity at the seal interface, relative velocity at
the seal interface, and seal closing force.
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9 Leakage Due to Combined Effects. In the more !?oAeral
case, the seal will be subjected to both a pressure diffe:entlal
and relative motion; the opening forue, clearance, and le3k-ge
will be developed by both hydrostatic and hydrodynamic effects.
Notice in equation (2) that the EBR is a function of the pressure
differential. Seals in deep-submergence applicationp qre subjected
to very low-pressure differentials, 5 psid or less. At these
pressure differentials the contact seal configurtion, shown in
figure 6 will have EBR s greater than 1.0. As s'w shown earlier,
the hydrostatic opening force is not sufficiernt in itself to
balance the closing force when the EBR is gra.atxr than 1.0. Equili-
brium under static conditions will then be "Stablished when there
is no clearance, point (6) in item (c) of figure 9. There will
then be no static leakage. Under dynamic conditions, however,
hydrodynamic effects, combined with hydrostatic effects, can
provide sufficient opening force to balance the closing force.
The seal can then operate with a clearance, point (7) in item (c)
of figure 9, and can leak, The dynamic leakage will be due to
both hydrostatic and hydrodynamic effects5, 15 and will be of the
form,

Q(c) = Qths) + Q(hd) ..... (8)

SAPh
((7)Q(c) =+ DVh (7) 60600.(g)

The torque absorbed by the seal, the coefficient of friction, and
power loss of the seal are of the form

T = E ..... (10)

Wh

c(7)

f 7. '•

W Wch (7)

power = . .. .. (12)
h( 7 )

where E, E', and E" are some functions of the seal geometry.
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I] * Design Variables. At low or zero pressure differenuw
tialsp the operating clearance of the seal is determined primarily
by the hydrodynamic opening force, i.e.,

h - ___1/Z

h~~ ~ (7)BP"Veo13

Substituting for h( 7 ) in equations (9) through (12) gives

- ~ / 1V(~~/z
SAP(B/uxvy) +V(,xy

EMuV
i/Z

c(~

powe = BXVY l/z

wc

* Consider now the -;axious parameters in equations (14) through (17).
* The seal geometry parameters, S, B, D. and E, are functions of
* unplanned for or accidental features, such as waviness, misalign-

ment , etc, and are largely beyond the control of tiia seail designer.
The viscosity of the f",uid at the seal interface, p . willZ be
dictated by the type fluid on either side of the'seal, the system

~ andsyste ternerature. The relative veIlocity. V, will
be proportional to the ~aft speed and shaft diameter of the
machginery. Thus, only We. the seal closing force, and AtSP the

* pressure differential, remain as seal design variables.
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*Seal Design Alternatives, The variablesp.i V, and[
We are usually combined with b, the seal interfa.Re width, to form
a dimensionless group called the duty parameter, G, where

G P-V. . . 1
Wc

Tha duty parameter is analogous to the group, zn/l, commonly used
in conventional bearings. It has been shown4 that when the coeffi-
cient of friction of a face seal is plotted against the duty
parameter, figure 10, a curve similar to the friction versus zn/p
curve of a conventional hydrodynamic bearing is obtained. This
illustrates that a seal, like a bearing, can cperate under different
regimes of lubrication. When operating values of G are to theright of the minimum point, Gmin, the seal is operating under

full-film hydrodynamic conditions and the sealing surfaces are
completely separated by a clearance. This clearance breaks down,
however, when operating values of G fall to the left of Gmi and
the seal operates under mixed film conditions. The seal will run
under contact or essentially dry conditions if operating values of
G are reduced further. Operating values of G to the left of Gmin
result in increased friction and wear rates, figure 10.

9 Seal Operates Hydrodynamically. One approach to seal
design is to design for maximum life (minimum wear) and minimum
losses at a sacrifice in leakage. This could be accomplished by
selecting the seal-closing force so values of G during the majority
of operation fall about Gmin or slightly to the right of Gmin, i.e.,
Wc is less than pVb/Gmin. The seal would operate most of the time
with minimum clearance, which from equation 9 implies minimum
leakage, minimum wear, and minimum coefficient of friction. Notice,
however, that during start-up or shutdown, operating values of G
will be less than Gmin and the seal surfaces will come into con-
tact. Thus, this approach is most readily applied to constant
speed applications, where operating values of G are limited and
where start-up and shutdown occur rapidly and infrequently. The
seal can pump when operating hydrodynamically, as was noted earlier.
From equation (9) and (14) it can be seen that putting a pressure
differential across the seal is no guarantee that the lea age will
be biased in the direction of the differential; the hydrodynamic
pumping leakage may add to or hinder the hydrostatic leakage, or
it may completely reverse the direction of the leakage. Notice
also that zero pressure differential does not guarantee zero
leakage, again because of the pumping leakage. It has been specu-
lated that it may be possible to have the hydrostatic leakage
"buck" the hydrodynamic leakage. To do this, as can be seen from
equation (14), the pressure differential would have to change with
o, V, and Wc.
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Figure 10 -Typical Performance Trends of a Contact Seal
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9 Seal Operates under Mixed Film or Contact Conditions.
An alternate approach, which appears more suitable for the majority
of deep submergence applications, is to try to eliminate leakage,
by eliminating the clearance and sacrifice seal life. This could
be accomplished by selecting the closing force so all operating
values of G fall to the left of Gmin, i.e., Wc is greater than
PVb/Gmin. This approach requires careful selection of seal inter-
face materials to minimize friction and wear, or risk destruction
of the seal interface. The TV (rubbing factor)IS criterion is
commonly used to establish operating limits when this approach is
used. The VV of the seal is the product of the unit load at the
seal interface, 7 (not the applied pressure differential),
expressed in pounds per square inch and the relative sliding
velocity at the seal interface, V, expressed in feet per minute.
Each combination of seal surface materials has a maximum acceptable
pressure and velocity it can withstand without exceeding some
allowable temperature, usually the temperature limit of one of the
materials, or allowable wear rate. The limiting 1V varies with
the ambient temperature, the extent of lubricant at the interface,
and the ability of the seal configuration to transfer heat away
from the rubbing interface. For example, in a reciprocating seal
configuration, a given material combination can usually operate
at a higher nV than it can in a rotating configuration, because
of the better heat transfer from the interface with a reciprocating
configurati n. If the 7hV of the seal is less than the maximum
acceptable PV of the materials, it is assumed that the allowabletemperature or wear rate will not be exceeded in operation andthe materials will perform satisfactorily.

When the sealing surfaces are in true contact over the entire
area of the seal interface, the VV and EBR of the seal are related
by

w
= AP x EBR x V = x V.

Af

The magnitude of the pressure differential, i.e. whether zero or
* of the order of 5 psid, should have no effect on the leakage when

the seal operates in contact. The problem then, for either design
approach, is to select the proper seal closing force. Since there
is no way to predict the value of Gmin, the closing force must be
determined by trial. The closing force in low differential
pressure applications is determined primarily by the spring and
elastic forces. It is usually a simple matter to change these
forces on commercially available seals by changing the spring, or
the working height of the spring, or by changing the squeeze or
stretch on the elastic member. The seal manufacturer on the basis
of his own experience, will usually have a good feel for the
magnitude of closing force necessary. The seal user should draw
from the manufacturer's experience.
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SSeal System Design Alternatives

Abrasive contaminant in the sealed fluids have an adverse
effect on all contact seal configurations. Contaminants can
physically foul the seal by inhibiting the motion of the sealing
element. Abrasives can also get into the seal interface, causing

1• rapid wear, short life, and leakage.
When abrasive conditions are severe, some secondary means

for protecting the seal from abrasives is usually provided for inthe seal system design. Since there is a high probability of
having heavy concentrations of abrasives in the seawater near the
bottom some scheme for protecting the seal should be considered.
Commonly used schemes are:

• Slingers or close fitting bushings. Slingers or close
fitting bushings, figures 1 and 2, are sometimes used to keep
contaminants from the seal. They are effective at keeping relatively
large particles from the seal. It is questionable, however, if
these devices keep the small particles (0 to 5 microns), which can
get into the seal interface and cause abrasive wear, away from the
seal.

e Multiple seal arrangement. Arrangements using two
or more of the same, or two different seal configurations, are
commonly used in industrial applications. The dual mechanical
face seal arrangements used on the Annapolis electric drives, such
as in figures 1 and 2, appear to be adaptations of commonly used
"industrial schemes. In most industrial applications, the pressure
in the seal cavity is usually higher than on either side of the
seals. In the deep-ocean adaptation, however, there is usually
no pressure drop across either seal (a redundant arrangement) or
a cascaded pressure drop from the machinery compartment to the
sea (a cascaded arrangement). This difference in the way the seals
are pressurized can cause problems, as will be considered when
design features of the face seal are discussed. The rationale of
the multiple arrangement is that the outboard seal, that seal
between the seal cavity and the sea, functions in effect as a

-- filter; only those particles which are smaller or of the same size
as the interface clearance can enter the soal cavity and reach the
inboard seal. The outboard seal restricts leakage from the real

t.- cavity and protects the inboard seal from abrasives, but the out-
board seal becomes worn and is subjected to possible fouling in
the process. It is usually thought that putting a small differen-
tial from the seal cavity to the sea will promote hydrostatic
leakage and thus flush abrasives out of the outboard seal inter-
face. This is not necessarily true, because of the balance of the
seal and pumping effects. A dual seal arrangement, as used on the
Annapolis motors, should also reduce the rate of sea-water contami-
nation of the machinery compartment because of the longer leakage
nonemulsifing fluid be used in the seal cavity; in this way, any

sea-water leakage across the outboard seal can separate to the
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bottom of the seal cavity where it can be periodically drainzed.,
The dual seal arrangement, however, adds complexity to the systamt
(two seals and a compensator are needed for each shaft penetra-
tion) takes up more space, and results in more losses. Because
of this, it appears impractical for applications with multiple
shaft penetrations. It has been suggested that the outboard seal
be replaced with a felt seal, figure 11. The rationale here is
that the felt is porous enough to let seawater into and thus compen-
sate the area between the seals. The felt is also an effective
filter medium and will remove particles from the water as it passes
through. The porous texture of the felt allows the particles to be
imbedded in the felt without damaging the mating surface. This
would simplify the seal system, since no compensator is needed for
the area between the seals. It may be applicable to multishaft
applications. Since the felt absorbs the contaminants, it would
have to be replaced periodically.

LELT 
SEAL (USED As FILTER)

MACH INERY I SEAL CAVITY
CAVT INBOARD

CA IT SeEAL (CLEAN SEAWA ABRASIVE LADEN SEAWATER

FELT SEAL COMBINATION

FILTER HEDIA

MACHINERY 'INBOAR
CAVITY SEAL OUTBOARD ABRASIVE LADEN SEAWATER

SEAL CAVITY SEALI(CLEAN SEAWATER

FILTER ARRANGEMENT

i TO FLUID SUPPLY

I I SEAL INSTALLED 'BACKWARD"
'INBOARDI RELATIVE TO PRESSURE

SEAL SEAL CAVITY DIFFERENTIAL AARASIVE

(FLUSHING FLUID) FLUID

FLUSHING ARRANGEMENT

Figure 11 - Possible Arrangements for Abrasive Protection
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::t anb Filters. The seal cavity of a multiple seal arrange-
Mont can be vented to the sea through a filter mediumt figure 1I
similar to the filter arrangement used on some of the free-flooded
machinery. Since the filter allows free passage of fluid, the
seal chamber is pressure compensated and the seawater is filtered
as it enters the seal compartment. The inboard seal is then pro-
tected from abrasives; the outboard seal would have to keep the
clean water in the cavity and keep dirty seawater from entering
the cavity.

* Multiple seal flushing arrangement. In some industrial
applications, the seal facing the abrasive fluid will purposely be
installed backwards, relative to the pressure differential, as
shown in the example in figure 11. The pressure in the seal cavity
is maintained high enough so that it forces the seal open (seal is
underbalanced) and causes it to leak. In this way, clean fluid ist continuously flushed through the seal cavity and out the outboard
seal. This arrangement requires a continuous supply of flushing
fluid. Since the supply of fluid on a deep-ocean application is
usually limited by a desire to keep the compensator small, this
arrangement is not applicable.

In summary, all contact-type seal configurations are con-
ceptually the same; they are in effect bearings whose generated
pressure and clearance is utilized to restrict leakage. Design
of these seals is a tradeoff between wear and leakage.

.T
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I] CHAPTER IIIu SELECTION FACTOR3

DIFFERENCES

LThe previous discussion considered the common features of
the various contact seal configurations. Consider now the basic
differences; the choice of one configuration over the other will
usually be based on one or a combination of the following
differences.

Ll Mounting Convenience, Space Requirements

Contact seals are available in axial and radial configurations
as shown in figure 6. The mechanicaT- n-face `sealis the most
common example of the axial configurations wherein the seal closing
force is parallel to and the leakage path is perpendicular to the

- axes of rotation. In a radial configuration, such as the elastomer
lip seal, the seal closing force is perpendicular to and the leakage
path is parallel to the axis of rotation.

The axial configuration . Lally requires some modification
• iiof the shaft, such as steps, grooves, or mounting sleeves, to

mount and drive the mating face. It will not wear the shaft or
require close tolerances or a fine surface finish on the shaft.

The radial configuration can usually use the shaft surface
* - as a mating face but requires close tolerances and a fine plunge-
- iground surface finish on the shaft. It will wear the shaft and

may require a hardened, replaceable wear sleeve, or shaft surface
treatment, cr some way to shift the seal axially to provide a
fresh running surface on the shaft when the seal is replaced.

The face seal will generally require the most space, while
- the conventional O-ring, slipper seal, and spring loaded U-cups

require the least space. The face seal will usually take up
approximately the same or slightly greater radial space, but more
axial space than the elastomer lip seal for shaft sizes up to

S!•about 4 inches in diameter.

Features of the shaft over which the seal must be assembled
should be considered. Keyways, splines, threads or other shaft
discontinuities may cause assembly problems with radial configu-
rations and may require special assembly techniques to avoid

-•damage to the seal.

Directional Sealing Ability

A unidirectional configuration is designed to seal only when
the pressure difrerential across the device is in one specific
direction. Sealing in a bidirectional configuration is-independent
or ti•edrection of the pressure differential.g III i



_!/i'i• ii • '•:• • • ..... .... ...............- -. - , ..-.- .-.- - -.... ... ... . .. . .. ...... ... -. ........ .. . .. ..-

Configurations such as the conventional 0-ring and 0-ring- .
slipper seal are inherently bidirectional. The conventional
elastomer lip seal, spring loaded U-cup and packing are inherently
unidirectional configurations. A conventional face seal will also
usually be unidirectional, but it can be designed to be bidirec-
tional.

Care should be excerised to ensure that the seal is so
mounted in the system that, if a pressure differential is applied
to the seal, it is in the direction for which the seal was designed.
If bidirectional pressures are anticipated, such as would occur if
a vacuum filling procedure is used, consideration should be given
to a bidirectional configuration.

'Vý Availability and Cost

Face seals are generally available in nonsplit configurations
for shaft sizes from 0.125 to 4 inches in diameter. Split con-
figurations will have to be designed for the specific application,
will be more costly, and will require more care at assembly.

Elastomer lip seals, O-rings, 0-ring-slipper, and spring
loaded U-cup configurations are generally available for shaft
sizes from 0.125 to 12 to 15 inches in diameter. Lip seals and
O-rings can be split; the split is vulcanized or chemically bonded
on assembly. Slipper and U-cup configurations are usually not
split because they &re usually made of Teflon which is difficult
to bond.

Face seals will generally be more expensive than the other
configurations. The costs of lip, slipper, O-ring, and U-cups
are comparable.

The seal manufacturer should be consulted before the shaft,
mounting, and space envelope dimensions are fixed to ensure that
a seal for these dimension 's available. Nonstandard sizes cost
more and have longer delivery times. There are usually enough
design/material options available for a standard size seal to make
it adaptable to the particular requirements of the application.

Performance Limits

* Physical limits. Consideration should be given to
the range of shaft motion, i.e., radial and axial runout,
eccentricity, misalignment, and vibration the seal can withstand
without suffering mechanical damage or without mechanical separa-
tion of the seal interface. An axial configuration can generally
tolerate more radial shaft motion than a radial configuration;
conversely, a radial configuration can generally accommodate more
axial shaft-to-seal motion than the axial seal. The axial con-
figuration requires close control of the axial shaft-to-mounting
dimension so that the proper spring load is obtained. Conversely,
the radial device requires close control of the radial shaft-to-
mounting bore dimensions. However, it appears that unplanned-for
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j shaft motions considerably smaller than the physical limits of the
seal can affect the leakage of the seal. In this respect, radial
and axial configurations have similar limits.

V N Limits. As was noted earlier, it appears that
pumping leakage can be minimized by designing the seal so that it

VIP operates under mixed film or contact conditions. Its ability to
operate under these conditions depends primarily on the interface
materials, particularly on the allowable 7V of the interface com-
bination. Configurations such as the face seal, slipper seal, and"7 ~U-,cups,, utilize low-friction, low-wear, self-lubricating materials

"and can operate under these conditions. Configurations such as
the conventional elastomer O-ring and elastomer lip seal, however,
have a seal surface with inherently poor "dry" frictional proper-

r .•ties; lubrication is essential if they are to operate successfully.
Generally, the face seal will have the higher allowabie FV among
the various configurations. Specific operating limits for each
configuration in the intended application should be obtained from
the seal manufacturer.

* Other. Additional considerations are the sensitivity
to contaminants in the sealed fluids, sensitivity to installation
errors, and material compatibility with the sealed fluids and
temperatures. These differences are due mainly to specific design
features or options of the various configurations and will be
considered in the next section.

DESIGN FEATURES AND APPLICATION CONSIDERATIONS

The seal user can select those design features and materials
best meeting his application requirements from the manilrcturer9s
literature. The choice of particular design fe•t7:' -S arv materials
can be left to the seal manufacturer, with the user s-,jrifying the
application and performance requirements. The latte. approach is
recommended because of the diversity cf design feature's and
"materials available and because a great deal of seal design and
material selection is based on experience. Most seal manufacturers
have an engineering consulting service and will supply recomnendao-
tions on request. Most prefer to be consulted, particularly for
unusual applications, and some manufacturers will purposely make
their .,-'Lgn literature vague or incomplete so that they must be
consulted for full-details. A list of seal manufacturers appear
in Machine Design.lu

Face Seal.

The following discussion describes basic design features of
the candidate contact seal configurations and points out some
areas where application problems can occur.

The basic parts of a mechanical face seal16 are shown in

figures 12 and 13. The sealing element consists of a primary
seal ring carrier, a primary seal ring, a secondary seal, springs
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and an antirEotation device to prevent rotation or to drive the
primary seal ring carrier. The primary seal ring has a raised,,
finely lapped annular surface, whch is termaed the seal face.

ANTIROTATION DEVICE

~SPRING WKUP

M RING R

PMAYSEAL RING ELASTOMER BELLOWS SEONA SEAL
COMPRESSE BETWEEN ANTIROTATION

DEVICE AND SHAFT

Figure 12 -Shaft-Mounted Face Seal
with Elastoiner Bellows Secondary Seal

CPANTIROTATION DEV'CE _

SECONDARY SEAL CLAPE TYPE iF
ELASTOMER O-R1NG----

PRIMARY SEAL CARRIER 
VAITO SO

- MATING RING DESIGNS~k.;.THE ABOVE DESIGNS
PRIMARY SEAL RING ARE UNIDIRECTIONAL

Figure 13 -Cup- or Package-Type
Mechanical Face Seal., Stationary Mounted
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A mating ring provides a lapped mating face or surface. Primary
sealing takes place at the interface of the seal and mating face.
The secondary seal permits axial motion of the primary seal carrier
and allows it to line up with the mating face, while providing a
static seal between the housing and seal carrier. The sealing
element and mating ring are usually supplied as a set by the
"seal manufacturer.

Commercial versions of face seals differ in:

* The magnitude of the hydraulic balance ratio. The
effective balance ratio, equation (2), can be expressed as

A C WSPRING t WELAS(20
:• ~~~EBR = - +....(0.... Af APAf

The first term16 in this expression, Ac/Af, is referred to as the
hydrostatic or hydraulic balance ratio since it represents the
ratio of the hydrostatic closing force to the maximum achievable
hydrostatic opening force. Face seals are usually referred to in
terms of percent of hydraulic balance. Hydraulically balanced
seals, 50% Af < Ac < 100% Af, are used in applications where dif-
ferential pressure is high, usually over 100 psid. Hydraulically
overbalanced seals, Ac 100% Af, are usually used for low differ-
ential pressures. The reason for this ran be seen from equation
(19); for a given pressure differentri-.i, P, and sliding velocity,
V, a balanced seal will have -, 'lower YV than an overbalanced seal.
Thus, manipulating the balanc-- .atio is one way used to extend the
7V operating limits of the -Aeai. The hydrostatic forces are small
at the low-pressure differentials used in deep-submergence appli-
cations; the term WSPRING ' WELASTIC/APAf will usually be much
greater than Ac/Af. Thus, the magnitude of the effective balance
ratio is primarily determined by the spring and elastic forces and
will be greater than 1.0; i.e., the seal will be overbalanced,
regardless of whether the seal is hydraulically balanced or
hydra ilically overbalanced. An effzzt_.ve Ul,,nce ratio greater
than IJ0% is desirable sinc%, it should irdiib.t the static leakage
f.f `i- seal as was discussea u-lier.

* * Directional sealing ability. Most face seals are
unidirectional. The direction in which they seal is determined

"" - by the effective balance ratio, the type of secondary seal, and
the way the seal is mounted. For example, a seal designed to be
overbalanced when the differential is in one direction can become

* . underbalanced, and the seal interface will open if the differential
is reversed, figure 14. Reversed pressure may also unseat the
secondary seal or unseat the sealing element and or mating ring
from its moun.oP It has been noted that in most of the
Annapolis •i 1,.Lc drive systams, which use two unidirectional

* face seals in pressure f-ascaded arrangement, one of the seals
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is usually pressurized in the reverse direction, figure 15. Most
face seals will usually accommodate a small reversed differential
without harm; the magnitude of the reversed differential that can
be tolerated depends on the spring load, ard thus the setup work-
ing height of the spring, and particular features of the secondary

seal and mounting. If, however, the reversed pressure gets higher
than the seal can accommodate, because of initially presetting
the compensator for too high a differential, or because of a poorly
designed compensator or malfunction thereof, or from pressure or
vacuum filling of the system, the seal will be forced open and
leak; in some configurations mechanical damage can result.

Po = Pressure at OD
Pi = Pressure at ID

Do = Outside diameter of seal face

D1 = Inside diameter of seal face

DB - Balance diameteL; effective diametcr
of secondary seal

P0  ___ . . ..... . _ _ _ _ _

PO PO P

P6 DB

DB>Do

Unidirectional D1 1D D1<Di
Hydraulically underbalanced Bi direct.cn•,] LLdircct ithai

when po>pl ydra4 lc] ly I,]ancd Hydra llically overbJaace'
when pc2 i ,and] when W.']P) pO>p•

Hydraulically overbalanced p ,> pý ind I p y nd b
wh n P ,P i>l'O llydr au ] icat/]y undor -b;,Jai,c (e<

when Pp wh I p >11

Figure 14 - Directional Sealing Ability of Face Seal

Thus, mount the seal so that the pressure differential is in the
correct direction and aids the spring and elastic forces in closing
the saal. If bidirectional pre.sures are anticipated, such ao
would occur in vacuum filling, consideration should be given to a
face seal of bidirectional design. A bidirectional design is
usually a little more costly but should result in increased reli-
ability. Additionally, consideration should be given to ensure
that the sealing element and mating ring are positively located
in their respective mounting; it is preferable tu mount them so
that the pressure tends to hold the seal in place.
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item (a) - Arrangement using shaft mounted sials with common

spring (if the pressure is casuadi:i i.e., P I>P,>Pj.
inboard seal is pressurized in reverse dir'ection).

SELCAVITV p
MACHINERY

CAVITY 0(F,) 00)

INBOARD SEAL OUTBOARD SEAL SLINGER

Item (b) Arrangement using stationary mounted seals with
clamped mating ring (if the pressure is cascaded, both
seals are pressurized in reverse direction).

INTERNALS OFSEAL SUSCEPTIBLESEA TO FOULING
SSEAL CAVITY

MACHINERY /(2)
CAVITY ',,/

/(PI)

INBOARD SEAL OUTBOARD SEAL SLINGER

Item (c) - Arrangement usiny common, clamped mating ring (if the
pressure is cascaded, inboard seal is pressurized in
reverse direction)SEAL CAVY

(y Clamping suirfaces should Ix~'Jfree of nicks or biurrs,
,,"pe n(]iculr to shaft axis

MACHINERY-- ai should be of the same O(
CAVITY -- and 1D on either side of mating

(F)) ~i Ing to minimize Ii stortion and

INBOARD SEAL OUTBOARD SEAL
Item (d) Arrangement using different. size seals On stepped shaft (if

the pressure is cascaded, both seals pressurized in desiqned
for direction).

MACHINERY
CAVITY SEAL CAVITY

(P2) SEA

INBOARD SEAL

"OUTBOARD SEAL

Figure 15 Examples of Double Face Seal Arrangements in Use
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e Secondary seal. An elastomer diaphragm# elastomer
0-ring, or other types of pressure-actuated packing are commonly
ubed as a secondary seal. The important consideration here is
the compatibility of the secondary seal material with the fluids
(and with fluids which may be used for cleaning, flushing or
storage) and temperatures on either side of the seal. Swelling
or embrittlement of the secondary seal can introduce secondary
leakage paths or inhibit the motion of the primary seal carrier.
Additional considerations are its flexibility, sensitivity to
fouling, and sensitivity to the direction of the pressure differen-
tial. The temperature limit of a face seal is usually dictated
by the secondary seal material. Face seals with a metallic bellows
or piston-ring-type secondary seal are available for applications
which are beyond the temperature or compatibility limits of
elastomers. They are more expensive.

e Type and number of springs. The springs, particularly
the spring load and spring rate, are very important at low pres-
sures, since they apply the seal closing force. Seal designs
using a single helical spring, multiple helical springs, wave
springs, or a metallic bellows are available. The single helical
spring design requires more axial space but has a lower spring
rate and longer axial working range. Multiple springs, wave
springs, and metallic bellows designs require less space but have
higher spring rates and limited axial working range. The axial
stack-up tolerances between the shaft and mounting must be con-
trolled carefully when installing the seal so that the proper
working height is obtained on the springs. Excessive axial toler-
ances can result in insufficient or no spring load and leakage.
Insufficient axial tolerance can result in too high a spring loaa
or bottoming of the springs. This will result in excessive wear
or possible catastrophic mechanical failure of the seal. The
closing force on a seal with a high spring rate will be more
sensitive to variations in the working height of the spring than
one with a low spring rate, and thus will require more care when
assembling. Axial shaft play must be eliminated when assembling
a face seal to ensure that the working height of the spring in
operation is the same as when set up. Axial loads must be kept
off the seal to prevent bottoming of the springs and overloading
of the seal faces. Conversely, the seal will put an axial load
on the shaft. The possibility of this loading affecting the
machinery, particularly unloading the bearings, should be con-
sidered.

* Mounting arrangement, type construction. The sealing
element can be mounted on the shaft, for a rotating seal, or in
the housing, for a stationary seal. The basic construction
features of the two types of mountings are usually as shown in
figures 12 and 13. Both types have been used in deep-ocean
applications.

Shaft-mounted seal. The shaft-mounted seal

commonly uses an elastomer bellows type of secondary seal and •
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LIU single helical spring. The various pieces of the seal are eoparabl*
and are hold together, sandwichlike, in operation by the spring
and hydrostatic forces.

1. Advantages. Major advantages claimed for
this arrangement are:

a. Mounting convenience - requires little
or no modification of the Shaft. All that is usually needed is a
collar or snap ring groove to back up the spring. Drive is usually

• •by friction between the elastomer and shaft.

* •b. Since the parts are separable, a
damaged, worn, or fouled part can be replaced or cleaned without
replacing the whole seal.

c. Less sensitive to fouling because of
"its open construction.

d. Relatively long axial working range.

2. Limitations. Major limitations are its:

a. Requirement for considerable space.

b. Sensitivity to installation errors.
SThe elastomer bellows is usually compressed between the shaft and

primary seal carrier, to provide a static seal and a friction
drive. The elastomer may adhere to the shaft prematurely, so
tightly during assembly, that a large axial force may be necessary
to move it into its proper axial position. This force must be
transmitted to the elastomer bellows throug- the primary seal
ring, which is usually carbon, by drawing up on the mating ring
mounting flange, figure 12. The person assembling the seal will
usually not realize how great a force he is applying to the primary
carbon seal ring. The result is u. ally immediate breakage of
the carbon, or excessively high face loads which eventually lead
to failure. Care must also be taken in assembly and in operation
(reversed pressure) to ensure that the primary carbon seal ring
is not pulled out of position relative to the primary seal ring
carrier. This can also result in carbon breakage. Too smooth or
too small a shaft may result in slippage and leakage at the
bellows shaft interface.

"Stationary-mounted seal. The stationary-mounted
seal is usually of the "packaged" or capsule type of construction,
figure 13. In this type of construction, the primary seal ring,

•* primary seal ring carrier, springs, secondary seal, and antirotation
device are contained in a cup or capsule. The capsule is pre-
assembled by the seal manufacturer and is handled and installed
as one unit.

"111-9
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1. Advantages. Major advantages of this [9
arranent are-.

a. Compact size

b. Capsule, one-piece type of construction i•
simplifies assembly and makes asimeily less prone to error.

c. Versatility. The capsule type of
seal is available with elastomer 0-rings, metallic bellows, or
other types of pressure actuated packings as secondary seals,
wave springs, multiple helical coal springs, in hydraulic balanced
or hydraulically overbalanced designs, and in gnidirectional or
bidirectional designs. ASLE Standard 68-5(T)17 provides mounting
and space envelope dimensions for these seals.

2. Limitations. Its major limitations are:

a. It will usually require modification,
such as sleeves, steps, etc, to the shaft for mounting the mating
ring The more popular mating ring types and mountings are shown
in figure 13. Dimensional information for these mating rings is
given in ASLE Standard 68-5(T).17

b. It has relatively limited axial working
raige.

c. The closed-type construction makes
the springs and secondary seal sensitive to fouling.

d. In most designs, figure 13, the cup
is upset so that the internal parts cannot be removed without
destroying the seal. Thus, if any part is worn or damaged or the
seal becomes fouled, the entire seal must be replaced. However,
variations of the cup design using snap rings or a similar device
to hold the parts in the capsule, but still allow disassembly for
rsplacement of the spring or secondary seal, are available.

General Considerations. Consideration should
also be given to the way the seal ring and mating ring are
restrained from rotating and/or driven. This is particularly
important in rotary applications with high stop-start rates or
oscillating shafts. The starting torque of a face seal is greater
than the running torque; thus, a relatively large reaction is
taken at the drive or restraining device while starting. The
torque reaction can sometimes cock the primary seal ring carrier
or inhibit its axial motion. A condition termed bayonetting can
sometimes occur if the restraining device is sharp or of such
small area that high contact stresses occur; under these conditions,
the restraining device can wear itself into and interlock with the
primary seal carrier and inhibit its motion. The mating ring of
the rotary seal and the cup of a stationary seal are usually kept
from rotating by a press fit into a bore, by an O-ring about their
outside diameter, or by a clamping arrange~ment, figure 15.
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H Clamping and press fits require care, since they can result in
distortion or possible damage of the sealing surfaces. One or
more O-rings around the outer diameter usually provide enough
friction to keep the mating ring or cup from rotating. Considera-
tion should be given to the relative rates of thermal expansion
of the mounting bore and seal to ensure that enough interference
exists over the range of operating temperatures to effect a static
seal and provide sufficient friction force. Additional considera-
tions regarding mounting:

1. Mount the seal so that the springs and

secondary seal are in the cleaner, less corrosive fluid. This will
minimize chances of fouling and corrosion on the springs and
secondary seal. The mounting must also be consistent with the
direction of the pressure differential.

2. The simpler part of the seal should be
rotating to minimize churning losses and simplify balancing of
the shaft.

9 Interface Materials. Carbon-graphite is the most
commonly used primary seal ring material because of its chemical
inertness, good thermal conductivity, self-lubricating, and self-
healing properties. The mating face is usually made of a hard,
wear-resistant material; hard metal alloys, ceramics, and cermets
are commonly used. The choice of mating material depends on the
7V of the seal, the corrosive properties of the fluids, and abra-
sives in the fluids. Stellite has been used successfully in
marine applications.

Radial Seals - General Considerations

e Mounting. The sealing element should be mounted so
that it is stationary, usually in the machinery housing, rather
than on the rotating shaft. This will keep inertia forces from
altering the load on the sealing element and possibly unloading
or overloading thq seal surfaces. Installing a radial seal over
a shaft with keyways, splines, or threads will usually require
assembly aides to prevent damage to the sealing element. The
sealing element should not have to support the weight of the
shaft or housing during assembly because of possible damage to
the seal.

* Mating surface finish. The mating surface of a
radial seal, on the shaft or a shaft sleeve, will usually have to
ba supplied by the seal user. A caution which applies to all
radial devices is the nature of this mating surface. It is
important that machine lead, i.e., the generation of an ordered,
helical surface finish, be avoided on the running surface.
Machine lead will result in pumping and the direction of the
leakage will be sensitive to the direction of shaft rotation.
Machine lead can be avoided by plunge grinding the surface with
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these additional precautions:18

* Carefully dress the grinding wheel so that the
lead is not generated on the wheel surface and thus transferred to
work piece.

* Use nonwhole number ratios between the grinding

wheel and work piece speed.

" Allow the wheel to spark out.

Refinishing of the running surface with polishing paper by field
personnel should be discouraged. It usually results in the genera-
tion of helical surface finish.

e Alignment, tolerances on shaft diameter. The plane
of the sealing element should be kept as perpendicular to the
shaft axis as possible; tilting or skewing can also result in
pumping.

The dimensions of the shaft aad/or mounting bore are important
since they will determine the spring and/or elastic load on the
sealing surface.

o Compatibility of mating surface and sealing element
material. Corrosion and chemical attachment or sticking at the
seal interface can occur with some combinations of seal/mating
surface materials. This problem is usually most severe in appli-
cations where relatively long-term static conditions are encoun-
tered. As was noted earlier, there is no fluid film at the inter-
face under static conditions, so the seal and shaft surface e
in intimate contact. A graphite/stainless steel combinationT- is
not good in this respect. Since most dynamic seal materials
usually contain graphite to enhance their frictional properties,
and stainless steel shafts are commonly used in deep-ocean appli-
cations, particular care is necessary when selecting the combina-
tion of seal and shaft-surface material. It may be necessary to
use a shaft sleeve of material different from that of the shaft,
or to treat the shaft surface.

Elastomer Lip Seal or Oil Seal

A lip seal is commonly used to retain fluid in the sump of
a machine where the static fluid level is below the level of the
seal, or where the seal is not completely submerged. They are
generally limited to pressure differentials below 15 psid.

The basic construction features are shown in figure 16. ln
an assembled seal, the metallic case, which adds rigidity to the
seal and aids in mounting, and the elastomer lip element arei mechanically held together. In a bonded seal, the elastomer is
vulcanized to the metallic case, giving less chance of an internal
leak. The elastomer lip may be loaded by a garter or finger
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spring or there may be no spring. The finger spring is less sensi-
tive to fouling. The springless designs are used primarily for
retaining very viscous fluids or grease, for excluding dust and
dirt from a system, or where leakage is not critical. They will
gtenerally have a lower surface speed limit than those with springs
because of their inability to follow eccentricity and dynamic
runout.

ELASTOMER CLAMPED BETWEEN
TWO PARTS OF CASE CASE

EL AST OMER
BONDED TO

FIr,,E GARTER SPRING
SPRING ELASTOMER LIP /

SPR;rJGLESS TYPE
ASSEMBLED TYPE BONDED TYPE

CASbE ELASTOMER

S• ~ E:XCL USION LIP

SEALING LIP..[

ELASTOMER COVERED CASE COMBINATION SEALING DUAL SEALING LIPS
EXCLUSION LIP

COMBINATION LIP FELT SEAL OR GROOVES

HYDRODYNAMIC LIP SEAL

Figure 16 - Variations of Elastomer Lip Seal
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Primary considerations for selecting a lip seal are:

t Materials. The lip material must be compatible with
the fluids and temperatures on either side of the seal, and with
the mating shaft surface. The compatibility of various candidate
compensatiyg fluids with commonly used elastomers has been
explained. The compatibility with fluids which may be used for
flushing, cleaning, or storage should also be considered. Consult
manufacturer for specific material recommendations. The abrasive
resistance of the elastomer and mating surface are also important.
Lip seal manufacturers generally recommend a ssiaft surface finish
of 10 to 20 min. center line average (CLA), free of machine lead.
Finishes rougher than this will usually wear the elastomer.
Finishes smoother than this can result in wear because they are
too smooth to retain lubricant at the seal interface. A shaft
hardness of at least Rockwell C30 minimum is generally recommended
and some manufacturers recomtend a hardness of Rockwell C-50-65
when abrasives are present. Most elastomers will not run dry,
even for short periods of time. If the mach-iery is to be operated
without compensating fluid during testing, the seals should be
removed or some provision made to lubricate them. It is considered
good practice to prelubricate the seals during installation. The
case and spring material must also be compatible with the fluids,
particularly the seawater.

* Mounting configurations. Consideration should be
given to the manner of installing the seal. The configuration of
the case and lip usually vary according to whether the seal is
assembled on the shaft from the spring side or from the side
opposite the spring. Various case and lip configurations are
available to provide mounting and assembly convenience and to pro-
tect the spring and lip during assembly or operation. The seal
is usually pressed into a bore in the machinery housing, usually
a bearing bore. Special designs are available for applications
where the seal must rotate. The interference fit between the
seal and mounting bore keeps the seal from rotating and provides
a static seal. Designs with elastomer covered cases are available
to provide a static seal in rough bores or where the relative
expansion of a metallic case and bore would destroy an interference
fit. The' bore into which the seal is pressed, or the tool used
to press the seal into the bore should have a shoulder on it to
ensure that the seal is assembled perpendicular to the bore and
shaft axis. General-purpose single lip seals are unidirectional
and will be overbalanced when the pressure is from the spring
side.

* Lip configuration. Single and multiple lip designs
are available. The multiple lip designs are essentially two or
more seals in the same mounting case, where the functions of the
various seals are usually different. For example, a dual elastomer
lipseal with one lip spring loaded and the other nonloaded, figure
16, is usually recommended when dust and dirt are present on the
nonloaded lip side. In this arrangement, the spring loaded lip
retains the fluid in the machinery, i.e., does the sealing, while
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the unloaded lip protects it from abrasives, A dual lip design
with both lips spring loaded, but with the lips facing in opposite
directions is usually recommended for separating two fluids. In
this arrangement, both lips are intended to seal fluid from the
space between the lips. These multiple elastomer lip arrangements
are not recommended for deep-ocean applications because there is
no positive way to pressure compensate the area between the lips.
It has been suggested that compensation be obtained by packing
the area between the lips with grease. This is a questionable
practice because the seal will p-robably run hot, which could cause
deterioration of the elastomer, and there still is the possibility
of having a pressure void because of incomplete filling or leakage
of grease from between the seals. If multiple sealing elements
are required, it would be better to use two separate, single
elastomer lip seals and pressure compensate the area between them.
As an alternative, a design combining a felt seal and elastomer
lip in a common case, figure 16, may be applicable. The rationale
of this arrangement was discussed earlier. A recent development
is the hydrodynamic lip seal. It is similar in construction to a
conventional lip seal but has the additional feature of having
helixlike ribs or grooves molded into the lip on what is normally
the air side of the seal, figure 16. In concept, it is similar
to the viscous seal; any leakage past the lip is effectively
redirected or pumped back. Such seals have been found more con-
sistent and reliable than a conventional lip seal since they are
less sensitive to variations in manufacturing, assembly, and
operation which would normally cause leakage in a conventional
lip seal. However, their suitability for deep-ocean applications,
where fluids are present on both sides of the seal, is questionable
because of their designed-in ability to pump.

Elastomer O-Ring

A conventional elastomer O-ring is a simple, compact, easy
to mount (one piece groove), bidirectional device for sealing a
rotating shaft. Special elastomer compounds and groove dimensions
are usually recommended when used for rotating appfi cations and
are givc- 4- the manufacturer's design literature.±-

A combination of relatively poor thermal and frictional
characteristics and a tendency to stick some sha' materials
result in relatively low allowable 'V limits and high breakout
torque.

The slipper and U-cup seal are usually preferred over the
conventional O-ring in dynamic, either rotating or reciprocating,
applications. They are generally used for applications with high
differential pressures, but their simplicity and compactness make
them attractive for deep-ocean applications where space is at a
premium and the higher allowable PV's of a face seal are not
required.
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0-Ring Slipper or Cap Seal

The cap seal consists of a conventional elastomer 0-ring or
other elastomer support ring with a separate sleeve or cap of low
friction, low wear material between the 0-ring and dynamic surface,
"figure 17.

-- ELASTOMER SUPPORT RING

SLEEVE OR CAP

--- ,A SID CIRCUMFERENTIAL GROOVES

Figure 17 - Examples of Slipper or Cap Seals

The 0-ring keeps the slipper from rotating, serves as a static
seal between the slipper and groove, provides part of the seal
closing force, and gives radial compliance to the seal. Relative
motion takes place at the interface of the cap and shaft surface
rather than on the surface of the 0-ring. Since the frictional
properties of the sleeve, which is usually made of TefLon or
filled Teflon, are better than the elastomer, it will generally
have higher rV limits and eliminate or reduce sticking and high
breakout forces encountered with a plain 0-ring.

Specific features requiring consideration are:

. Conformability of the slipper. The conformability
of the slipper is particularly important in applications with low
differ3ntial pressure because a large hydrostatic closing force
is not available for forcing the slipper into conformity with the
shaft. The elastomer provides the closing force in low-pressure
applications. The conformability of the slipper is determined
by its crosss-sectional shape, the hardness and sqaeeze (gland
dimensions) of the elastomer, and by the slipper material. The
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slipper will usually have a rec-angular, channel, or modified
channel cross section, figure 17. The rectaigular shape is usually
preferred for rotating applications because &f its better flexi-
bility; the channel shapes are commonly used where extrusion
resistance is required. Some manufacturers put circumferential
grooves on the running surface of the slipper to increase its
conformability. The slipper must not be so thin radially, however,
that wear life is limited. The gland dimensions for rotating
applications will usually provide for more radial squeeze on theelastomer than that for reciprocating applications.

9 Materials. The slipper and elastomer material must
be compatible with the fluids and temperatures on eIther side of
the seal. The slipper is usually made of virgin or filled Teflon.
Glass fibers, metal fibers, carbon and graphite are Qoranonly used
as fillers to enhance extrusion resistance, thermal conductivity,
and friction and wear properties. The filled materials will
generally have a higher allowable •V. The slipper filler must be
compatible with the shaft surface material. An important consid-
eration when using these Teflon materials is the surface tension
of the fluids surrounding the seal. To obtain low wear rates with
these materials, it appears 2 0 that the Teflon must transfer itself
to the mating surface. Some fluids, water is a good example, do
not wet Teflon and inhibit the transfer of Teflon to the mating
surface thus producing high wear rates. Most of these materials
exhibit higher wear rates when lubricated with water than when
complete]y dry. This problem also appears to depend upon the
regime of operation of the seal, it being most severe when
operating under mixed-film conditions. Under contact conditions,
no fluid is present at the seal interface and Teflon can be freely
transferred. When operating hydrodynamically, the surfaces are
completely separated by a fluid film and the nature of the seal
interface makes little difference on the wear rate. Carbon filled
Teflon is usually recommended in a water environment.

* Mounting arrangement. Assembly of a cap seal into a
radial configuration is usually easier if a two-piece gland is used.
They can usually be assembled into one piece if special tools and
techniques are used. Such a gland can also be mounted in an
axial-type configuration, figure 6, to simplify the groove and
assembly, but this will require a mating ring and close control
over the axial stack-up tolerances, similar to that of a mechanical
face seal. With some slipper configurations, cold flow of the
slipper or too narrow a groove, can result in the slipper sealing
at the sides of the groove. If Lhe pres3ure is suddenly changed,
this could trap high-pressure fluid behind the slipper, severely
overbalancing the soal, or could keep pressure from penetrating
behind the slipper, underbalancing the seal. This type of problem
is usually cured by putting notches in the groove sides of the
slipper. Too wide a gland could conceivably result in tilting or
skewing of the slipper since the pressure differential may not be
high enough to force the seal to the low-pressure side of the
gland. The slipper seal will usually be bidirectional since the
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cross-sectional shape of t-he slipper and elastomer are usually
symmetrical.

U-Cups

U-cup devices consist of a ring of low friction material,
usually Teflon or a filled Teflon, with a U- or C-shaped cross
ssction, and a spring within the U-section, figure 18.

"RING SPRING COVERED BY
CUP MATERIAL

FLANGEL ESS - TYPE MOUNTING

FLANGE MOUNTED TYPE

Figure 18 - Examples of U-Cup Seals

Some have liplike projections on the legs of the U to give a more
conformable sealing surface. The radial load from the elasticity
of the material, spring, and hydrostatic pressure, forces the
outer leg against the groove to form a static seal and the inner
leg against the shaft to from the dynamic seal. The base of the
U is usually relatively thick compared to the legs and serves as
an antiextrusion device.

Basic design variations on this device are:

e Mounting. U-cups are available with flange and
flangeless-type mountings, figure 18. The flangeless type is
generally used for static or reciprocating applications. The
flange type is generally preferred for rotary applications because
the flange provides pusitive retention against rotation and
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prevents skewing. The flange type requires a two-piece gland.
U-cups are unidirectional and will be overbalanced when the pressure
differential is from the open side of the U.

- Springs. In some designs, figure 18, the spring isimbedded and completely covered by the cup material. This protects
the spring from corrosion and fouling. In other designs, figure18, the spring is exposed to the fluids and can be separated from
the cup. This arrangement has versatility since the spring load
can be changed to meet the operating requirements. Precautions
on material selection and groove dimensions are the same as forthe slipper seal. Material-fluid compatibility is somewhat less
critical because no elastomers are used.

IiI-19



iI

CHAPTER TV

VALIDATE SEAL SYSTEM SELECTION PERFORMANCE DATA

Basic performance data, in particular the relative leakage
rates of seawater into and compensating fluid out of the system,
wear rates (life), power loss, and operating limits for seals in
deep-ocean applications, are Lparse. This hbs made it difficult
to size compensators or set up operating and maintenance schedules.

S..Performance data from seal screening tests and from the
electric prop'lsion motor tests at Annapolis and field operational
experience will be incorporated in this chapter as such information
becomes available. These data should give the seal user a fee)
for he level of performance obtainable from the seal so that
real 3tic systera designs and operational schedules can be formed.

ANNAPOLIS SEAL SCREENING TESTS

Screening tests are being conducted on off-the-shelf seals
to provide a relative comparison of the performance of the
various seal configurations, to uncover problem areas, and to
provide basic performance data under simulated deep-ocean
conditions.

The screening tests are being conducted in a simulated deep-
ocean technology motor-seal configuration shown schematically in
figure 19. This fixture allows flexibility in the type of seal
configuration, seal system configuration (single or double seal),
fluid, and pressure environment of the seal. The fixture is
supported on a ball-bearing cradle so that the torque reaction;
and thus, seal torque can be measured by a load cell. The shaft
is 1.375 inches in diameter, sleeved up to 1.75 inches in diameter.
Shaft speed is variable from 0 to ±3600 rpm. Acrylic cylindrical
sections form the walls of the seal cavities and permit visual
observation of the fluid in the various cavities. The system
pressure is limited to about 500 psig.

Severn River water is circulated through the end cavity, to
simulate the ocean environment, and then into a trap when any
oil that has leaked past the outboard seal can be detected. The
water cavity is sealed from the atmosphere by a high-pressure
face seal.

* Face seal performance. Design features of the face
seal selected for test are shown in table 2. This seal is similar
to that used on several of the Annapolis electric drive systems.
A similar type of face seal has been used in other deep-ocean
applications. The seal was first tested with the system at ambient
atmospheric pressurei, in a single seal system configuration, table
2. Test data obtained to date for this seal are summarized in table
2. Notice in particular that the leakage rate of water into the

IV-i

i



system was, for all practical purposes, nil. L.

LOAD SEAWATER IN _ _ ___ _- --. "SEAWATER OUT

CELL .COMPE14SATOR
"TGA

L9J1OIL TRAP

/-HIGH-PRESSURE FACE SEAL
SLEEVE"SEAWATE LOCKNUT

-TEST SEALS-- _______ - VARIABLE SFEED__ - • .DRIVE

lI

WTI ACRYLIC SECTIONSJ

CRADLE SUPPORT BEARINGS

Figure 19 - Seal Test Fixture

Notice also that speed and the magnitude of the pressure differen-
tial had no noticeable effect on the leakage. The leakage of oil
into the water was also nil, except that a trace of oil was some-
times detected upon .tart-up, particularly after the seal had not
operated for a few days.. Radial runout on the shaft for these
runs was less than 0.001 inch. The same seal was then run at
the outboard side in a dual system configuration, table 3, with the
the system. at ambient pressure. Water and' il were, however,
detected leaking past the outboard seal at this time, table. 3,
and the high-pressure seal was leaking water out and pumping air
into the water cavity. The leakage was traced to radial runout
of the shaft. Apparently during the reassembly into the dual
seal configuration, the lock nut on the end of the shaft was
overtightened, an error which distorted the shaft so that it was
running out radially 0.013 to 0.020 inch at the drive end.
Incidentally, the pumping of air into the wazer compartment was
stopped by increasing the spring load (reducing its working
height) cn the high-pressure seal.
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Table 2

Data for Face Seal in Single Seal System

Seal Features Notes
1. Cp-tpe fce eal ith(1) None under steady-wave springs and elastoner state conditions. How-0-ring secondary seal ever, a trace of oil inwater was usually

2. Materinls: observed duringstarting,
Structure - Monel particularly after sealSeal face - carbon-graphite- had set statically for

resin few days.Mating face - Stellite overlay (2) Water in oil deter-
on Monel rmined by ASTM D-95-62

3, Spring load = 20 psi (water by distillation).

Average

AP Average Leakage Rate Rela- Wear Pate
Fluid psig .u- cc/hour tive in./hour TIRShaft Pres- ning Torque on

- ,Sppd sre - TimeShaftFluid Fluid Fluid Speed sure Time (2) - oz.- Seal Mating3 2 1 rpm psig 1 2 23 hours 3 2 2 3 2 1 1 2 in. Face Face in.

Severn
River MUL-H-
water 5606 B - 1800 Ambient - 0 50 None (I) 65 1 0.001

1800 - 5 50 Trace (1)

100 - 0 50 Trace (1) 20

100 - 5 50 Trace (1)

±1800

710 115 8 Trae_Rover- 

- 0 8 None

sal
per
hour - 5 8 Trace

S•41800
- 0 0.5 None

"sals -
per 5 0.5 Trac

minute- - - - - -

±10
Roer 0 8 Trace

sal

per 5 8 Nonehourhou
±100

- 0 0.5 None
sals
p e r 5 0 5 N nminute k-5 O5Nn

•- 0 •- 0 43 None
S! " "•? 'o• 2 50

" " '5 h o u r s )
S'' , 0 4 8 None 5 .8 o .16
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Table 3
Data for Face Seal in Double Seal System

Seal Feutures

1. Same as Table 2

2. Spring load = 20 psi
(for both seals)

AverageAP Average Leakage Rate Rela- Wer Rate

System Run- churtire in!hu T1R.
Fluid Environment Shaf Sysem ir./hour TiShaft Pres- Psi ning c Torque on

FFluid luid Fuid Speed sure .- Ti me (2)l - - ~tcirng Shaft

3 2 12 rpm psig 1 2 2 3 hour,,; 3 2 2 3 2 1 1 2 in. Fc e Fra ce in.

Q 013
to

O.020"
Severn at
River MIL-H- NUL-H- p nt
water 5606 B 5606 B 1800 0 0 0 19 0.02 0.545 0.105 0.0 72

Test Stopped to Investigate Custe of RTadia Runout

e Lip seal. A general-purpose, elastomer lip seal,
table 4, is now under test. Data will be given when available.

• Other. An example of a slipper seal, spring-load
U-cup and a dual seal system with an outboard felt seal and/or a
filter arrangement are also planned for test. The slipper and
U-cup seals have been tried with success on deep-ocean hydraulic
actuator applications, to separate a hydraulic fluid and seawater.
These applications, however, usually have oscillating or recipro-
cating shafts and operate with much higher pressure differentials.

NSRDC SUBMERSIBLE ELECTRIC DRIVE SYSTEMS

As was noted earlier, the pressure-compensated drive systems
in the deep-ocean technology electric drive systems task usually
use a double face sealrarrangement. No serious problems with the
seals have been reported to date. A trace of water is usually
found in the seal cavity, but the level of contamination has not
been a problem. Static leakage immediately after assembly has been
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reported in some-iuastanceso This has been due to contaminants
getting between the seal faces at assembly. Sealing was restored

by disassembling and cleaning the seal interface.

Table 4
Data for Elastoraer Lip Seal in Double Seal System

3 ~21

Seal Features

1. General purpose, single Lip
"oil seal" with finger spring
2. Materials:

Elastomer - general purpose
elastomer (nitrile)

Shaft sleeve - 316 SS, super finished
to 14 RMS OD = 1.748
inches

Average
Average Leakage Rate Reoa- Wear Ra-e

System htie i.!/hour c/o
Fluid Environment Shaf Pres- psi g chorTorque on

Fluid Fluid Fluid pee sure ime oz- Seal t r

3 2 1 rpm psig 1 2 2 3 hours 3 2 2 3 2 1 1 2 in. Face Fa• .n.

Severn
River MIL-H- MIL-H-
water 5606 B 5606 B 100 Ambient 0 0 50 None Trace 0.02 None 17 <.0:

Severn
River MIL-H- MIL-H-
water 56o6 B,5606HB i8OO •mbientl 0 1O0 50 ITrace None 0.185 None 47

OTHER.

Leakage levils of the order of 1 cc/hr or less, usually in

the range of 102 to 10-1 cc/hr, have been reported with face

seals in some component tests conducted by equipment manufacturers.

These levels have not been troublesome,

Problems have been reported, but these have usually been

traced to some operational procedure, or interaction with the

pressure compensator which has resilted in unusual or very severe

seal operating conditions.
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* CHAPTER V

- - NOTATION AND TECHNICAL REFERENCES

NOTATION

Af area of the seal interface

Ac net closing area

B, S, D, E, E', E" seal interface geometry terms

G duty parameter =IAVbAc

unit load at the seal interface

AP hydrostatic pressure differential across the
seal

Q(hs) hydrostatic leakage

Q(hd) hydrodynamic leakage

Q(c) combined or total leakage

T torque absorbed by the seal

V relative velocity at the seal interface

Wc total seal closing force

WSPRING component of closing force due to spring load

WELASTIC component of closing force due to elastic
elements of seal

Wo total seal opening force

Wo(hs) hydrostatic component of opening force

Wo(hd) hydrodyn3mic component of opening force

b width of the seal interface

f coefficient of friction

- - h mean interface clearance

* fluid viscosity at the seal interface
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CHAPTER IV

VALIDATE SEAL SYSTEM SELECTION-PERFORMANCE DATA

Basic performance data for off-the-shelf seals in deep-oceanapplications are sparse in particular the relative leakage rates
of sea water into, and compensating fluid out of, the system.
This has made it difficult to size compensators or set up oper-
ating and maintenance schedules.

Performance data from seal screening tests and from the
submersible electric drive systems tested at NSRDC and field
operational experience are incorporated into this chapter. These
data should give the seal user a feel for the level of performance
obtainable so that realistic system designs and operational
schedules can be formed.

SEAL SCREENING TESTS AT NSRDC

Screening tests were conducted on an off-the-shelf mechanical
face seal and elastomer lip seal.. Details of the test seals,
which were for a 1.75-inch-diameter shaft, are shown in tables 2,
3, and 4. The purpose of these tests was to provide an order-of-
magnitude indication of the leakage levels obtainable with these
devices when in a liquid/liquid environment, particularly to see
whether hydrodynamic pumping leakage is a serious problem.

e Test fixture. Screening tests were conducted in a
fixture simulating a single-ended pressure compensated motor,
figure 19. The seals were mounted in stainless steel partitions
which were spaced by transparent acrylic sleeves to form either
two or three fluid cavities, depending upon whether a single or
double seal system was simulated. Sight gages were used on
cavities 1 and/or 2 to monitor the fluid levels. A pressure
differential was obtained across the seal by applying air pressure
above the fluid in the sight gage. Severn River water (brackish
water) was circulated through the end compartment, cavity 3, to
simulate the ocean environment, and then into a trap where any
oil that had leaked past the outboard seal could be detected.
The water cavity was sealed from the atmosphere by a mechanical
face seal. Thermocouples indicated the fluid temperatures in
each cavity.

The whole assembly was supported on a ball-bearing
cradle so that the torque reaction, and thus torque to drive
the seals and bearings, could be measured by a load cell.

IV-I



Tabl6 2
Data for Face Seal in Single Seal System i

Seal Features e__s

1. Cup-type ftca seal with wave
oprings and elastomer O-ring

tsecondarnseal, clamped-type

mating r~n L7g

2. Materials-
Structure - MoneJI
Seal face - carbon-graphite- 6"

resin
Mating face - Stellite overle

on Monel r

3. Spring load = 20 psi

Average Leakage Rate
F3.uid TIR or

Run Environment Shaft 8p Eccen- Rning by ASTM- TorqueFl_ Speed pg tricity Time Calculated D-yA95-6 Torque ,
No, Pliid Fluid rpm on Shaft hl D-5-62 oz-in.

3 2 in. 32 - 23 Q32

River MIL-H-
water 5606B 1800 0 <0.001 50 -0.08 <.001 65

2 1800 5 50 -o.06 <.00i 90

3 100 0 50 -0.01 <.001 20

4 100 5 50 -0,05 <.001 33

5 __800 0 8. -0.20 None
1 rever-.

6 sal per 8 -0-40 <.001
hour -

7 t18oo 0 0. 5 -1. 58 None
2 rever-
sals per

8 minute 5 0.5 -2.69 <.001

9 t_100 0 8 -0.1z3 <.001l
I rever-

sale per
10 mnuter 5 8 -1.62 None

11 IOO 0.5 -o.68 None2 rever-
sals per12 miue0 .5 -1. 62 None

14 0 5 48 None None

kverage wear rate for 250 hours of operation: seal face = 5.8 pin/hr; mating
ace 0 0.16 pin/hr.

IV-2
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' FaTable 3
Data for Face Seal in Double Seal System

- 031
- - 4 0 3 2 1 0 0Q 2 1

Seal Features 0302

1. Same as table 2

2. Spring load =20 psi
(for bothseals)

OUTBOARD INBOARD

Average Leakage RateAP TIR or Run- cc/hr
Fluid Environment Shaft AP Eccen- Rin- Total

R u d ui -uid Speed trLcity By ASTM- Torque
No. Fluid Fluid Fluidnrpmaft Time Calculated D-95-62 oz-in.

3 2 1 r-, 3 in . hr Q3 2 -Q 2 3 Q21"Q12 Q3 2  Q31

TIR = 0.013

15River MIL-H- MILH 0to 0.020 at
15 water 5606B 5606B 1800 0 0 T, 0.002 to 19 -0.33 -0.27 0.16 None 72

.003 at
test seals

Rv Stopped test to investigate cause of radial runout

16 River MCS MIL-H- 800 o 0 <0.001 29.25 -0.40 - 0.07 Trace Trace 84water 1022 5606B 11
17 1 | 1800 5 5 25 -0.52 - 0.35 Trace 100

16 90 0 0 25 -0.04 + 0.01 Trace 4

19 o n! 90 5 5 4 25 -0.16 - 0.24 Trace 65
dAxis of carbon face eccentric relative to shaft axis by 0.055 inch on following runs

20 River MIL-H- MI'V-H- 100 0 
-

water 5606B 5606B 0 0 0.055 1 40.04 - 0.5 401 None

21 100 5 5 1 -0.45 - 1.37 <.01 None

22 1800 0 0 1 +6.67 -17.052 5.18 None

23 1800 5 5 1 +4.77 -16. 9)2 5.92 None

24 River MCS MIL-H- 1800 0 0 1 +5.1 .13.16 5.18 Nonewater 1022 5606B

-1800 5 5 1 +3.58 -1. 9 15.18 Nome
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Table 4
Data for Elastomer Lip Seal in Double Seal System

Seal Features 0 3I

1. Gene.-al ýurpose, single lip 07.3-Q
"oil seal" with finger spring 01 .4

2. Materials:
Elastomer - general purpose

elastomer (nitrile) (
Shaft sleeve - 316 SS, super finished SPRING SPRING

to 14 IMS OD = 1.748
inches

I OUTBOARD INBOARD

TIR orAverage Leakage Rate
Run- cc/hr Reversed

TRor,_Tota______Pressure

Run Fluid Environment Shaft P t By ASTM iTcrque Prsi
_ Speed Timelate psig

No- Fluid Fluid !Fluid rpm I2 2-3 on ShftTie -9-6 oz-in.

rpm*. 2-12--K332 31

w6aRier 5606B- 10 560.060.B00 00 on oe 17 951

27 * * A 1800 0 0 50.5 -0.17 +0.05 <.001 None 47 "

Seal sat statically for 6 months, then disassembled for inspection. " .

Wear on sleeve: at outboard seal = 0.4 jinA/r; at inboard seal = not measurable

Installed new set of seals and refinished shaft *-I 9.5 10

28River MIL-H- MIL-H-°"
28 aer M606B 560 100 5 5 <0.001 50 -0.10 -0.O6 .004 None 99

water 5606B 560613 ____

29 1 1 1800 5 5 50 -0.04 +0.03 Trace Trace 119

30 41800 0 0 8 -0.18 -0.12 0.09 None
3 -1 rever--

1sal per 5 5 8 +0.04 -0.01 0.02 None
31 hour

32 ±1800 0 0 0.5 -0.27 -1.04 0.26 None
2 rever-
sale per 5 5 0.5 -2.34 -1.98 None No

3 - - - minute

34 +±00 0 0 8 +0.05 +0.09 Trace None
-34 - 11rever-

35 sal per 5 5 8 -0.15 -0.05 None None35 hour

36 ±100 0 0 0.5 -0.72 -0.37 None None
2 rever- N-- -

sals per 5 5 O.5 -0.5 -0.5 None None
37 minute

38 River MCS MIL-H- 1800 0 0 25 +2.0 Trace 1.95 None 87

water 1022 5606B

MCS 1800 5 5 <0.001 26.25 -0.11 -0.02 Trace None 125
391022 I __________

40 Hoove 1800 0 0 25 -0.18 -0.02 Trace None 88•o #2

41_ - 1800 5 7 25 -0.31 -0.02 Trace Trace 121

--- Wear on sleeve: at outboard seal 4 4.0 pin/hr; at inboard seal not measurable - 6.2 7.3
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U• WATER
IN

LOAD WATER OUT
CELL

O.4--IL TRAP

-IS,

HIGH-PRESSIRE FACE SEAL
ii,•:l .- ,LEEE--- .7•"OD OVER 1.375" OD SHAF)

Tý ..*CKNUT 
\,RADIAL TIR <0.001

SHAFT BEARINGS (INBOARD) -TEST SEALS (JOUTBOARD) VARIABLE SPEED
.. ... DRIVE"(0 TO 3600 RPM)

S- - •ACRY,.,C SECTIONS--

CRADLE SUPPORT BEARINGS /

Figure 19
i 'Seal Test Fixture

0 Test procedure. All tests were conducted with the
water cavity at ambient atmospheric pressure. Test conditions
were as shown in tables 2, 3, and 4 and consisted essentially of
a high and low speed steady-state run, with and without a pressure
differential across the seal, and a series of transient start-
stop-reversing runs. MIL-H-5606B, a fluid commonly used in deep-
ocean applications, 9 was used as the compensating fluid; two
other fluids, intended for specific deep-ocean applications, were
also run.

The amount of water leaking into the compensating
fluid was determined by ASTM-D95-62 (Water by Distillation).
Relative leakage rates of the compensating fluid across the seals
were calculated from the sight gage readings after correcting
these readings for volume changes due to temperature.

The mechanical face seals were set up to give the
face load (i.e., spring load) suggested by the manufacturer. An
indication of the lip load on the elastomer lip seals was obtained

IV-5
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by applying a reversed pressure differential acrosa the seal:
The lip seals were assembled in the test fixture and compensating U
fluid was put into the cavity on the spring side of either the
inboard or outboard seal. Air pressure was then applied to the
empty cavity on the side opposite the spring until air bubbles,
which indicated the lip had lifted from the &haft, appeared in
the compensating fluid. These pressures, noted in table 4 a3
Reversed Pressure, were used to monitor the lip load.

Eccentric operation has been asso ia ed with hydro-
dynamic pumping leakage effects in face seals., Jv 6 To determine
the order--of-magnitude of leakage produced by these effects, the
acrylic sleeves were machined so that the axis of the carbon face,
on both the inboard and outboard seal, was eccentric relative to
the shaft axis by the width of the carbon face, 0.055 inch. This
eccentricity exceeded the limit suggested by the seal manufacturer
and is probably more than normally would occur in practice. How-
ever, it was hoped that exaggerating the eccentricity would give
some indication as to just how serious hydrodynamic pumping
leakage could be.

9 Test results. Data for the tests are shown in L
tables 2, 3, and 4. The performance of the test seals when oper-
ated within the limits suggested by their manufacturer was char-
acterized as follows:

The leakage rates of water and compensating
fluid across both the elastomer lip and mechanical face seal was
generally low, of the order of 10-i to 1.0 cc/hr.

Rapid start-stop-reversing transients tended
to produce slightly more leakage than steady-state running.

The torque increased with speed and the pressure
differential.

Wear on the outboard seal was relatively greater
than that on the inboard seal because of the more abrasive envi-
ronment at the outboard. seal.

The lip load on the elastomer lip seal, as
indicated by the Reversed Pressure in table 4, decreased notice-
ably with running time. This was probably due to loss of inter-
ference at the lip-sleeve interface caused by permanent set of
the elastomer and wear of the lip-sleeve interface; note that the
outboard seal had relatively greater wear than the inboard seal
and also had a greater loss in lip load. -.

Eccentric operation of the face seal particularly at high
shaft speeds, table 3 (runs 20 through 255, produced greater
leakage across both the inboard and outboard seal than when the
seal was centered as was expected. The leakage of water across
the outboard seal persisted even when a 5 psi differenital, from
compensating fluid to water, was applied to the seal, table 3.
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Excessive radial runout also produced leakage. On run 15,
table 3, the locknut, figure 19, was accidentally overtightened,
a mishap which distorted the shaft and caused it to run out

p radially 0.013 to 0.020 inch at the high-pressure seal and 0.002
to 0.003 inch at the test seals. This runout resulted in simul-
taneous outward leakage of water and ingestion of air across the
high-pressure seal at the atmosphere/water interface.

.. Eccentricity and radial runout in a face seal produces a
wiping action at the sealing interface. A similar wiping action
occurs in a lip seal when the plane of the lip is not perpendicular
to the shaft axis or when axial runout is present and would be
expected to produce greater leakage.

SEAL PERFORMANCE ON NSRDC SUBMERSIBLE ELECTRIC DRIVE SYSTEMS

As was noted earlier, the pressure-compensated drive systems
in the deep-ocean technology electric drive systems task usually
employ a double face seal arrangement. No serious problems with
these seals have been reported to date. A trace of water is
usually found in the seal cavity, but the level of contamination
has not been a problem. Static leakage immediately after assembly
has been reported in some instances. This leakage has been due
to contaminants that get between the seal faces at assembly.
Sealing was restored by disassembling and cleaning the sealing
surfaces.

SOne instance of spring failure, because of corrosion damage,
was reported on the outboard seal of one motor. The sealing
arrangement on this particular application was such that the

Fl springs on the outboard seal were exposed to sea water (see item
°. i(b) of figure 15). Inverting the seal, so the springs were in

the compensating fluid rather than the sea, would have minimized
chances of corrosion damage.

Li OTHER

Leakage levels of the order of 1 cc/nr or less, usually in
the range of 10-2 to 10-1 cc/hr., have been reported with face
seals i some component tests conducted by equipment manufac-
turers. These levels have not been troublesome. Problems have

L been reported, but they have usually been traced to some oper-
ational procedure or interaction with the pressure compensator
which has resulted in abnormal or very severe seal-operating
conditions.

The slipper and U-cup-type seals have been used with success
* • on deep-ocean hydraulic actuator applications, to separate a

hydraulic fluid and sea water. These applications, however,
usually have oscillating or reciprocating shafts and operate with
much higher pressure differentials.
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